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Abstract
The biopolymer chitosan has shown a great potential for a tremendous
number of applications despite the fact that typical chitosan preparations
are always mixtures of different chemical entities, natural impurities and
process-induced impurities. Chitosan preparations described in the litera-
ture or offered on the market are analytically highly undefined which pre-
vents a detailed structure-activity-relationship (SAR) analysis. The aim of
this thesis is to accomplish the prerequisites necessary for a sophisticated
study of the polymers chitin/chitosan.
Within this thesis a SAR guided multi-dimensional analysis is proposed
including a physicochemical description (molecular weight (MW ), polydis-
persity (MW /MN ), fraction of acetylation (FA), and determination of the
purity content combined to biological effects on two different bacteria (Es-
cherichia coli, Vibrio fischeri). Results are obtained by methods such as
triple detection size-exclusion chromatography (refractive index, light scat-
tering (90◦ and 7◦), viscometry), inhibition assays and transmission electron
microscopy (TEM).
Furthermore, an improved method to determine the pattern of acetylation
PA from heterogeneously as well as homogeneously prepared chitosan is
shown. No link between the different production processes and the for-
mation of a specific pattern of acetylation was found. For all investigated
sample a random-dominated pattern was found. The obtained PA values
include also calculated inter -day and inter -analyst variations of the carbon
nuclear magnetic resonance technique (13C-NMR).
The conformational analysis of chitosan, again achieved with the triple de-
tection SEC, revealed an interesting behavior. Using different theoretical
models (Benoit-Doty, Odijk-Houwart, Bohdanecky´) different Kuhn segment
lengths (lK) were found for the two different samples. While the first ap-
proached linear chain behavior, the second showed similarity to dextran, a
branched polysaccharide.
Dissolution studies on chitin and chitosan showed positive results in 18
cases (chitosan) and 6 cases (chitin), respectively, by testing 58 different
ionic liquid samples in total. In case of chitin, ionic liquids may be promis-
ing candidates for future dissolution studies of this biopolymer. However,
chitin behaves completely different in dissolution assays than its relative
cellulose which may based on three different dissolution mechanism each
for chitosan, chitin and cellulose, respectively.
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”Science is like a blabbermouth who ruins a movie by telling you how it
ends. Well I say that there are some things we don’t want to know.
Important things!”
Ned Flenders2
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HPLC high performance liquid chromatography
ICP-MS inductive coupled mass-spectrometry
is intensity of the scattered light
I0 intensity of the primary beam light
IR infrared spectroscopy
(k) intercept of the Mark-Houwink plot
LALS low-angle laser light scattering (7◦)
Lp persistence length [nm]
lK Kuhn segment length [nm]
LW weight-averaged contour length LW=MW /ML [nm]
MALS multi-angle laser light scattering
ML molar mass per unit of contour length [g/mol·nm]
MGlcN monomer weights (acetate salt) 221 [g/mol]
MGlcNAc monomer weights 203 [g/mol]
MN number-averaged molecular weight (Eq.2.22) [g/mol]
MW weight-averaged molecular weight (Eq.2.23) [g/mol]
MZ z-averaged molecular weight (Eq.2.24) [g/mol]
MW /MN polydispersity index/ distribution of molecular
weights
NMR nuclear magnetic resonance spectroscopy
NK number of Kuhn segments
PA pattern of acetylation 0. . .2
RALS right angle laser light scattering (90◦)
Symbol Description Unit/Value
Rh hydrodynamic radius [nm]
Rg radius of gyration (Eq.2.16) [nm]
RI refractive index detection
r distance from the light source [m]
SLS static light scattering
SEC size-exclusion chromatography sometimes combined
with the detector abbreviation SEC-MALS, SEC-
LALS, SEC-RI
SEC3 size-exclusion chromatography triple detection (re-
fractive index, light scattering, viscometry)
TEM transmission electron microscopy
w% weight percent
XRD X-ray diffraction
1Introduction
1.1 Entering the debate about biopolymer characteriza-
tion
In a polymerization process polymers with different sizes - often denoted as the molec-
ular weight - are produced in dependence of parameters therein. Analysis of these
products has led to an understanding of the production process - including polymer-
ization mechanisms - and subsequently to the design of properties and functionalities
of different kinds of commercial polymers. This approach facilitated the invention of
several items used nowadays in plenty of applications, one of which the ”plastic bottle”,
may the most prominent.
In the case of biopolymers, the typical way to receive a polymer from defined monomers
under defined conditions turns to be much more complex. Biopolymers exist as macro-
molecules in natural resources but need to be extracted, purified and characterized
afterwards. Their origin is sometimes not well known and its polymerization reactions
are not controllable in contrast to commercial non-biopolymers. To investigate biopoly-
mers in detail - especially for structure-property relationships - several aspects should be
addressed. The characterization must include a careful selection of the natural sources,
purification, derivatization, assessment of dissolution, and an overall physicochemical
characterization.
This thesis deals with a general physicochemical characterization of the biopolymers
chitin/chitosan and is divided into three main parts. Within the first chapter we will
briefly introduce the derivatization and solubility issues of chitin and chitosan. In the
second chapter, the methods for characterizing a polymer are explained emphasizing
some typical challenges in the characterization of chitosan. Furthermore, an overview to
important parameters frequently used in polymer science is given. The third and main
part of the thesis lists the scientific publications dealing with some specific findings on
chitosan, which are finally summarized in an overall discussion.
However, to be able to discuss the characterization of chitosan, its source chitin needs
to be introduced first. So let us have a brief look at chitin ...
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1.2 Beyond chitin/chitosan
Chitin (gr. χιτων shell) is a biopolymer made of N -acetylglucosamine units (2-
acetamido-2-deoxy-β-D-glucan) and is often described as a relative of cellulose, which
only consists of glucose units (β-D-glucan). Both polymers consist of similar molecular
backbones through β-1→4 glycosidic linkages. While cellulose is mainly found in the
flora, chitin appears as a structural element in the organisms of the fauna: Chitin is
the main component of the cell walls of fungi3, the exoskeletons of arthropods, such as
crustaceans4 (e.g. crabs, lobsters and shrimps), and insects, including ants5, beetles
5, and butterflies, the radula of mollusks6, and the beaks of cephalopods7 like squid
and cuttlefish. Chitin first appeared in the exoskeletons of Cambrian arthropods, e.g.
trilobites; the oldest preserved chitin dates to the Oligocene, about 25 million years ago
8.
Figure 1.1: Crystalline structures of chitin - (a) α-chitin typical found in crab shells with crystal-
lographic parameters a=0.474nm, b=1.886nm, c=1.032nm, γ=90◦, space group P212121, two chain/unit
cell.9 (b) β-chitin typical found in squid pen with crystallographic parameters a=0.485nm, b=0.926nm,
c=1.038nm, γ=97.5◦, space group P21, one chain/unit cell.10 (c) Chitin is de-N -acetylated in hot alkali
solutions resulting in the product chitosan with enhanced solubility behavior in aqueous solutions.
Chitin can be divided into two crystalline structures, α- and β-chitin. In the literature,
a γ-modification11,12 is also discussed, which is considered to be just a variant of the
α-crystalline structure13. The polymer chains in the unit cell of the α-modification
have an antiparallel orientation, stabilized by hydrogen bonds in all space directions
9(Fig.1.1). In the β-structure, however, chains are orientated in a parallel manner,
which inhibits the creation of hydrogen bonds between adjacent chains14.
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Table 1.1: Range in chitin content (in % of whole body dry weight (DW)) of crustaceans and
insects published in literature and estimation of the annual chitin production in freshwaters on
the basis of the mean annual tissue production and mean body chitin content. Values of the chitin
production were obtained from Cauchie et al.15
Subphylum Taxon Chitin Mean annual chitin Reference
content production
[% of DW] [mg chitin m−2 yr−1]
Insectae Coleoptera (beetles) 2.7-7.0 67 5
Dictyoptera (termites) 4.9 5
Diptera (flies) 6.5 750 5
Ephemeroptera (mayflies) 2.8-16.2 288 16
Crustaceae Brachiopoda (lamp shells) 0.9-12.2 1750 17,18
Copepoda (plankton) 3.1-13.9 4171 19
Amphipoda 5.8-9.4 2506 4,20
(shrimp-like crustaceans)
Decapoda (crabs) 5.5-11.2 2585 21,22
Euphausiacea (krill) 2.1-5.3 90 23,24,25,26,27
Isopoda (woodlice) 6.5-9.6 1506 28
Total 1,361·106
hydrosphere production t chitin y−1
Because of this, β-chitin shows a higher reactivity, higher accessibility during deacetyla-
tion29, and improved swelling and solubility behavior in organic and aqueous solutions
30.
Figure 1.2: Applications of chitosan - Vari-
ous applications of the biopolymer chitosan require
an increase of raw quality for high value-added ap-
plications of the products.
Chitin and cellulose belong to the
most abundant biopolymers on earth
(Tab.1.1). Both are very important
renewable resources with outstanding
properties such as biocompatibility and
non-toxicity. Although, both polymers
show almost no solubility in organic
and aqueous solvents, they are used in
many applications (e.g. filter materi-
als, membranes). However, solubility
is the key-prerequisite for several appli-
cations in biomedicine and pharmacy.
To be able to dissolve these polymers
several derivatization reactions were es-
tablished for cellulose31 as well as for
chitin32. These reactions can trans-
form the insoluble blend network in a
material, which is dissolvable in wa-
ter and/or organic solvents afterwards.
Among other derivatives we will now fo-
cus on only the most prominent and important derivative of chitin: Chitosan. This
polymer can be obtained after de-N -acetylation of chitin in alkali solutions and shows
good water-solubility (pH <6).
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Chitosan has some unique properties. After de-N -acetylation, free amino groups are
formed along the molecule and carry positive charges depending on the solvent pH (be-
low pH 6.0). Under acidic conditions, the whole macromolecule is positively charged
and appears as a polycation in solution. Generally, natural polyanions (like alginate,
hyaluronan) are found more often than polycations. Due to this fact, chitosan is one
of the rarely existing natural polymers in combination with full biodegradability and
non-toxicity. These characteristics are prominent key properties for applicability of
substances in biomedicine, wound-healing, and drug delivery33,34, for example. To il-
lustrate chitosan’s prominent role in several applications, the most important ones are
summarized in Fig.1.2.
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Figure 1.3: Structures of chitosan -
(a) Structural formulas of the A-unit N -acetyl-
glucosamine and the D-unit glucosamine. 100%
A-units refer to chitin while 100% D-units refer
to pure chitosan. Commercial chitosan typically
contains up to 5-30% A-units. (b) Theoretical
patterns of acetylation illustrated as pictographs.
A square represents a N -acetyl-glucosamine and
a circle a glucosamine unit. The three extreme
values a pattern can adopt are an alternating, a
random and a block-wise distribution, while the
molecular weight and fraction of acetylation FA
stays constant.
Production of chitosan The refine-
ment of chitosan from raw mate-
rial, such as crab or shrimp shells,
is based on four steps35. First,
the shell waste is cut in small
pieces with subsequent deproteina-
tion and demineralization using di-
lute NaOH (1 M NaOH, 100◦C,
0.5-72 h36) and dilute HCl (0.275-
2 M HCl, 20◦C, 16-48 h36) solu-
tion. Second, if necessary, col-
oring matter is removed by treat-
ment with diluted H2O2 or NaOCl.
Third, the cleaned chitin flakes are
deacetylated in concentrated and hot
alkali solutions (mainly NaOH) at
different reaction times (see below).
This process yields a partial deacety-
lated chitin product, which is then
called chitosan if it is soluble in di-
lute acetic acid. Finally, the re-
ceived chitosan flakes are thoroughly
washed with water to remove any
residues of the deacetylation pro-
cess.
Published reaction conditions vary dra-
matically from 80-140◦C using different
concentrations of NaOH solutions (35-
50 w%), different reaction times (0.5-10 h), and different liquor ratios30,36. Yielding
products showed highly changing characteristics like acetyl group content - expressed
as mole fraction of acetylation FA - and changing chain length - expressed as weight-
averaged molecular weight MW 30,36. In general, the obtained products are always mix-
tures of several molecular weights, salt residues, protein residues, and CaCO3 residues.
Thus, it is essential to assess the purity of the obtained product and to analyze its
physicochemical parameters in order to estimate the influence of process parameters on
sample quality. However, this is rarely done for commercial chitosan samples and often
not thoroughly within the scientific community. The main reason for this is the late
4
1. INTRODUCTION 5
development of affordable high-throughput analysis equipment so that only recently is
it common to fully characterize this biopolymer. In previous studies, the influence of
several process parameters on product quality were observed. The following parameters
were analyzed according to the impact on FA and on MW in the literature.
• source of chitin and chitin content37,38
• deacetylation temperature11,12,38,39
• concentration of NaOH solution11,38,39
• ratio of chitin and alkali solution38,39
• influence of a multi step deacetylation12
A few studies have concluded that the heterogeneous de-N -acetylation of chitin is a first
order and pseudo-first order reaction in excess of NaOH, respectively30,39,40. On the
contrary, Chang et al.38 proposed that the reaction kinetics are not first order but more
complex. During the reaction, the concentration of acetylglucosamine decreases while
concentration of chitosan increases, shifting the main reaction from de-N -acetylation
to depolymerization. Jiang et al.12 considered that transport and sorption mechanisms
(surface diffusion, adsorption/desorption) are ill defined by a first order mechanism and
proposed also a more complex reaction. Furthermore, Lamarque and Methacanon et
al.30,39 suggested an influence of the alkali concentration on the activation energy but
could still not provide any sufficient model for this type of reaction. This illustrates
that the process has been known for decades, but a complete understanding of the
mechanisms involved could not be gained sufficiently. The variance of the production
process increases even more if we now also consider the biological variety of the source.
Apart from kinetic studies of the de-N -acetylation, comparative studies evaluating the
variability of chitin sources are found only rarely41. Youn et al. showed that physico-
chemical characteristics of selected samples differed within three different years of har-
vesting. Furthermore, α- and β-chitin from different species in different environments
(e.g. Indian Ocean, Atlantic Ocean) may show varying physicochemical characteristics,
even when the samples are deproteinated and demineralized under identical conditions.
Therefore, it is not surprising to find different molecular weights reported in litera-
ture although more less comparable process conditions were used. This variability of
chitosan products can be deduced from two main facts:
• use of different chitin sources
• use of different methods for molecular weight MW / fraction of acetylation FA
determination
The natural variety of biopolymer sources is an immanent property, and eradication
of this flaw is not possible unless the chitin is harvested from the same species, always
caught in the same area, in the same season and during their same point in the life-
cycle. Furthermore, the molecular weight of chitin is not typically controlled (due to
experimental challenges) and the source quality may vary without control. Consider-
ing the second point, the method selection for characterizing chitosan shows room for
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improvement. In chapter 2 we will focus on this topic after we have discussed ”dissolu-
tion” and ”light scattering” issues to establish the necessary background for the reader.
All elucidations mentioned above reflect the importance of a combination of extrac-
tion, purification, and production of chitosan, followed by subsequent characterization,
which is not done for commercial samples and only rarely for lab-made samples. Qual-
ity assessment of chitosan products is still, after decades, a matter of discussion42. The
approach taken in this study shall contribute to this discussion in a fruitful way.
1.2.1 Solubility of polymers
In general, complete dissolution of high-molecular weight polymers is a great challenge
since this process is an entropically unfavored process. According to the Bolzmann
equation,
S = k · lnW (1.1)
where W is the number of different arrangements available to the system and S is the
entropy.
Figure 1.4: Solvent structures of cellulose and chitin - Proposed solvent-polymer interactions of
cellulose and chitin in DMA/LiCl (adapted from43,44).
Mixing of two different low molecular weight solvents leads to many arrangements of
solvent and solute. Hence, where W is large, so is S. The situation changes when
a polymer with medium molecular weight is put in the solvent. Under this condi-
tion the covalently connected monomers require distinct positions near the connected
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monomers, and these spaces are now occupied for solvent molecules.
The value of W is thus much lower than in the first case; hence, so is S. For dissolution of
polymers, higher temperature and longer dissolution times are necessary to transform
the whole material into a homogeneous suspension. Furthermore, numerous cohesive
and attractive both intra- and intermolecular forces hold these polymer coils together,
such as dispersion, dipole-dipole interaction, and hydrogen bonding. A polymer which
has been heated a long time in a chemically inert medium may show no dissolution
because the solvent is not able to destroy the multiple cohesive interactions holding the
polymer particles together.
In case of chitin and cellulose, dissolution becomes a difficult issue because these poly-
mers show almost no solubility in any known solvent system. ”Almost” means there
are some solvents in which dissolution could be observed such as molten salts45,46,47,
concentrated trifluoroacetic acid48, hexafluoroisopropyl alcohol/hexafluoroacetone49,
conc. formic acid/trifluoroacetic acid50 and concentrated NaOH at low temperatures
51. However, it is still a matter of discussion whether the observed dissolution is mainly
derived from a strong degradation of the polymers leading to dissolvable low-molecular
weight products.
The most versatile solvent, which shows no degradation, is a mixture of a polar apro-
tic solvent and a salt. The broadest application was found for DMAc (dimethylac-
etamide)/LiCl52, which dissolves a wide variety of polysaccharides like cellulose, chitin,
chitosan, amylose and amylopectin53.
Upon dissolution in DMAc/LiCl the solvent does not cause degradation even in the
case of high-molecular weight polymers31. The unique dissolution properties of this
solvent system for typically insoluble polymers, has led to a number of proposed solvent-
polymer structures for the interaction between cellulose and DMAc/LiCl54 (Fig.1.4).
The most reasonable structure, according to Spange et al.44, is the one proposed by
McCormick, although the structures of El-Kafrawy and Turbak also showed agreement
with solvatochromic polarity experiments as well. Using 1H-NMR Vincendon et al.55
proposed the most probable interaction between chitin and DMAc/LiCl as a ”sandwich-
like” structure.
We have seen so far that there are some hypotheses about the ”dissolution structure”,
although it is far too early to make forecasts about dissolution abilities of different
solvents - unfortunately. In the next paragraph we will focus on how a solution of poly-
mers is prepared and how this influences the solubility of chitosan. This issue needs to
be discussed thoroughly because solubility or especially insolubility of a polymer always
interferes with almost all physicochemical measurements.
Preparing solutions of chitin Polymer dissolutions of chitin and cellulose are prepared
in the following way: A typical dissolution process is achieved by solvent exchange with
decreasing polarity, e.g. water-methanol-DMAc and finally DMAc/LiCl. Dissolution
occurs by heating to 80◦C. Alternatively, the polysaccharide suspension in DMAc is
heated to 130◦C followed by evaporation of water, which originates after breaking the
semicrystalline network structure. At 100◦C LiCl is added, and a clear solution is
obtained with different viscosity depending on the initial MW of the polymer after
cooling. With these techniques, mixtures of 2 to 12 w% polymer concentration in
5-15 w% LiCl content are obtained31,56. The solutions remain stable until water or
organic solvents are added.
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Figure 1.5: Impact of dissolution time on
analysis - Comparison between chitosan dissolved
for 4 h (black) with the same sample after 24 h
(grey). The image shows the detector response of
the refractive index (RI), light scattering (RALS)
and viscosity ([η]) detector from a size-exclusion
chromatography. For a too-short dissolution time
the high molecular weight part of the sample will
be cut off by subsequent filtration visualized by an
asymmetric peak shape at lower retention times
(13-14 mL, black curve).
If the amount of water/solvent is
higher than approximately 4%, the
biopolymers precipitate from solu-
tion.
Hence, a characterization of chitin
and cellulose is limited to these sol-
vent systems and virtually impossi-
ble for aqueous solvents. To in-
vestigate these polymers two ways
are now possible: 1. using other
solvents; 2. using derivatives of
chitin with better dissolution behav-
ior.
The first point is addressed in publi-
cation No. 7; an expansive discussion
should not be the aim of this chap-
ter. Here, we will discuss the second
point, the dissolution behavior of the
chitin derivative chitosan, in more de-
tail.
Dissolution of chitosan The removal
of the majority of acetyl groups in
chitosan creates two significant effects.
The first is the decreasing number of
hydrogen bonds through loss of strong
hydrogen bond donor and acceptor po-
tentials of the acetyl groups. Addition-
ally, the former acetyl group space in
the particle can now be occupied or
penetrated by solvent molecules. The
second effect is the appearance of pos-
itive charges in acidic media leading to
a more hydrophilic character and hence
to a repulsion of neighboring charge-
bearing groups. This repulsion twists
the chain and inhibits the typical cre-
ation of hydrogen bonds found in the
crystalline chitin structures (Fig.1.1).
The decrease of hydrogen bonds, in
combination with an increase of hy-
drophilic character in chitosan, are the
main reasons for improved solubility in
aqueous solutions. Solvent systems used for dissolution of chitosan must show, there-
fore, two main properties: hydrogen bond breaking ability and acidity. The best results
are typically obtained with acetic acid and acetic acid buffer systems, respectively30.
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Is the dissolution complete? As mentioned before, small molecules dissolve faster in
contrast to molecules with an extremely high molecular weight. A chitosan sample usu-
ally contains a wide range of polymers with varying molecular weight. It may happen
that an arbitrary dissolution time for such a sample may be sufficient for low molecular
weight polymers but not for the high molecular weight part. An example of the de-
sired time necessary for complete dissolution of chitosan is illustrated in Fig.1.5. Two
samples were dissolved in an acetic acid buffer solution for different time intervals (4 h
and 24 h). Neither solutions showed any remaining particles and were macroscopically
dissolved. However, by monitoring the detector responses of a size-exclusion chromatog-
raphy SEC system, into which the solutions were injected, microscopic differences could
be observed. The sample dissolved for 24 h showed Gaussian peak shapes for all three
detectors responses as expected for a chitosan sample with broad molecular weight dis-
tribution. On the other hand, the 4 h solution showed an asymmetric cut-off in the
detector responses at low retention times, where the high molecular weight polymers
appear (13-14 mL). Through filtration with syringe filters before analysis undissolved
high molecular weight particles were removed from the sample solution and could not
enter the SEC system. Thus, in order to analyze high molecular weights of a chitosan
sample as well, the time of dissolution must be longer than 4 h at minimum to ensure
optimal analysis conditions.
Long dissolution times in combination with acidic/ hydrogen-bond breaking solvents
are therefore prerequisites for a reliable molecular weight analysis of chitosan. To use a
”good solvent” for chitosan may sound trivial, but is usually the main source of error in
chitosan analysis. However, we do not want to anticipate concerns about the molecular
weight analysis of chitosan. We should first focus on ”how” the molecular weight of
polymers can be determined and look on the general laws behind this, which leads us
directly to the next chapter.
9
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2Methods used for
characterization of chitosan
2.1 Theory of light scattering
Light scattering is a powerful method for characterizing colloids in solution, for ex-
ample dispersed colloids (dispersed solid nanoparticles in solution), molecular colloids
(macromolecules in solution) and associated colloids (micelles). Static light scattering
(SLS) allows measurement of the weight-averaged molecular weight MW and quantifi-
cation of thermodynamic parameters such as the second virial coefficient A2, and gives
information about the shape and size of the molecules in solution.
Theory of light scattering is based on publications from Lord Rayleigh∗ beginning in
187157,58,59. Herein, the fundamentals of light scattering of small gaseous particles as
well as light scattering in liquids are described. Debye† extended this work to larger
molecules60 as well.
2.1.1 Light scattering in gas: Rayleigh theory
Light scattering is based on the principle that electromagnetic light induces a dipole
at the scattered particle. This dipole can emit an electromagnetic field with the same
frequency as the initial light source. An oscillating dipole emits energy in all directions
perpendicular to the oscillating axis; however, no energy is transferred in the direction
of the oscillation. The strength of the induced dipole is proportional to the strength
of the electromagnetic field E. The proportional constant is called polarizability α.
Isotropic molecules and particles have the same polarizability for all three directions in
space. The intensity is proportional to the absolute square of the amplitude. For Eν,ρ
∗John William Strutt, 3rd Baron Rayleigh, (*12 Nov. 1842-†30 Jun. 1919), English physicist
†Peter Debye, (*24 Mar. 1884-†2 Nov. 1966), Dutch physicist, Nobel-prize winner 1936
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Figure 2.1: Light scattering of a particle - Distribution of the scattered light shows a doughnut-
like shape when monochromatic perpendicular polarized light is used. Electric (E) as well as magnetic (H)
field components are illustrated. The dipole-axis (z-axis) and the scattering vector r give an internal angle
of Φ. Θ is the angle to the detector.
= E cos θ the intensity Iν,ρ under perpendicular polarized light results in:
Iν,ρ ∝ E2cos2θ (2.1)
Put simply, unpolarized light is the overlap of two perpendicular polarized light beams
with identical intensity. The radial distribution of the scattered light intensity in an
isolated molecule using unpolarized light is shown in Figure 2.1.
Molecules in a gas move at a distance from each other so that they act as separate
scattering centers. Small molecules (diameter < λ/20) are described as point charges
while the field of the extranuclear region is considered as almost homogeneous. For
scattering molecules with elastic scattering of unpolarized light, the following equation
applies:
is
I0
=
π2α2NAρ
2ε20λ
4
0r
2M
(1 + cos2θ) (2.2)
where is is the intensity of the scattered light, I0 intensity of the primary light source, α
polarizability, NA Avogadro’s number, ρ density of the scattering medium, ε0 dielectric-
ity constant, λ0 wavelength of the laser in vacuum, r distance from the light source, M
molecular weight of the molecule, θ scattering angle. The polarizability α can be elimi-
nated through application of the Clausius-Mosotti equation, which gives a relationship
between the relative dielectricity constant εr of a substance and its polarizability α.
1
3
ρNAα
Mε0
=
εr − 1
εr + 2
(2.3)
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Equation 2.3 is valid for frequencies of the visible light for polar as well as non-polar
molecules. Using the emission theory of Maxwell εr = n2, the polarizability results in:
α =
2Mε0
ρNA
(n− 1) (2.4)
Equation 2.2 can now be simplified to:
is(r, θ)
I0
=
2π2M
λ40r
2NAρ
(n− 1)2(1 + cos2θ) (2.5)
The value (1 + cos2 θ)/2 is also called the polarizability factor. This factor is reduced
to 1 when perpendicular polarized light instead of unpolarized light is used. The scat-
tered light intensity is therefore independent of the observation angle (only for small
molecules).
2.1.2 Light scattering in liquids: Non-ideal polymer solutions with
small particles
Light scattering cannot be observed in a homogeneous medium which has a large vol-
ume because parts of this volume always emit scattered light. This scattered light
shows a phase shift of 180◦ leading to a total elimination of the whole intensity. An
ideal crystal does not emit any scattered light unless the crystal shows some lattice
defects. Typically, a liquid shows no complete elimination of the scattering intensity,
due to density fluctuations on the molecular scale which do not lead to total destructive
interference.
Density fluctuations in a liquid are described of theories of Einstein61 and Smoluchowski
62,63. During measurements of colloids in solvents the density fluctuations, in compari-
son to pure solvents, are of no consequence for the whole measurement. The increase of
scattered light intensity in a solution in comparison to the pure solvent can be derived
from the concentration fluctuations of the dissolved colloids in small volume elements.
The observed volume elements contain several solvent molecules but only a small num-
ber of dissolved macromolecules. The intensity of the scattered light is therefore derived
from the intensity of the pure solvent and from the dissolved macromolecules. This in-
tensity, according to Eq.2.5, shows proportionality with the molecular weight. Hence,
dissolved macromolecules scatter light more strongly than solvent molecules; the differ-
ence between a solution of macromolecules in the solvent and the pure solvent is called
scattering excess. In a static light scattering experiment, the refractometer subtracts
the intensity Isolvent from the intensity of the investigated solution Isolution yielding in
the real scattering intensity I. In highly diluted solutions, the dissolved macromolecules
can be considered as independent; however, concentrations used for scattering exper-
iments are non-ideal. Thus, equation 2.5 needs to be rearranged with the relation of
osmotic pressure and chemical potential to:
is
I0
=
2π2n2(dn/dc)2kTc
λ40r
2(∂Π/∂c)0
(1 + cos2θ) (2.6)
Osmotic pressure Π can be originated through a Taylor series, the so-called virial ex-
pansion:
Π = RT
( c
M
+ A2c2 + A3c3 + . . .
)
(2.7)
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This results in: (
∂Π
∂c
)
0
= RT
(
1
M
+ 2A2c + 3A3c2 + . . .
)
(2.8)
A2 and A3 are the second and third virial coefficients. Virial coefficients are impor-
tant parameters which describe the quantitative thermodynamic interactions between
dissolved molecules at a given temperature. For highly diluted solutions (which are
typically used for light scattering experiments), the third and higher virial coefficients
are negligible. Usually, intensity factors is and I0 together with the geometric factors r
and θ are combined in the so-called Rayleigh ratio:
Rθ =
isr
2
I0(1 + cos2θ)
(2.9)
If perpendicular polarized light is used and is detected perpendicular to the primary
beam, the polarization factor (1+cos2 θ)/2 can be reduced to 1, and the intensity of
the scattered light becomes angular independent.
R0 =
isr
2
2I0
(2.10)
The optical (λ0, n and dn/dc) and numerical constants are typically summarized as K:
K =
2π2(dn/dc)2
NAλ40
(2.11)
This now leads to the fundamental equation of light scattering:
Kc
Rθ
=
1
M
+ 2A2c + 3A3c2 (2.12)
Due to preconditions used for the derivation, this equation is only valid for highly
diluted solutions with refractive indices n near 1 and for macromolecules with D <
λ/20.
2.1.3 Light scattering in liquids: Non-ideal polymer solutions with
large particles
In a large particle D > λ/20, the elecromagnetic field of the primary beam induces
dipoles in some segments of a macromolecule. Scattered light emitted from different
scattering centers in the molecule reaches the detector cell with a phase shift. If two
phase-shifted beams interfere with each other, the resulting intensity is smaller than
the sum of both scattering intensities taken individually. This phenomenon is known
as intermolecular interference. Thus, measured light intensity in the detector cell re-
sults from separated scattering intensities from different scattering centers within a
molecule and its corresponding phase shift. Since the intensity of scattered light of
large molecules underlies an angular dependence, light scattering can provide infor-
mation on the size and shape of a macromolecule. Hence, equation 2.12 needs to be
corrected by an angular dependent factor P(θ).
Kc
Rθ
=
1
P (θ)
(
1
M
+ 2A2c + 3A3c2 + . . .
)
(2.13)
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To be able to measure large particles as well, we need to conduct the light scattering
experiments at zero scattering angle (θ = 0). Unfortunately, these experiments cannot
be done, because at θ = 0 most light will be transmitted light that is not scattered.
The transmitted light will swamp the scattered light preventing its measurement. Be-
cause scattered light and transmitted light have the same wavelength, there is no way
to distinguish between them. Instead, we must conduct experiments at θ > 0 and
extrapolate to θ = 0. To develop an extrapolation method, we define a new function,
P(θ), that describes the large particle size effect. The factor P(θ) is also called shape
factor or scattering function.
P (θ) = 1− q
2
3
R2g (2.14)
where R2g is the average squared radius of gyration and q is the scattering vector
q =
4π
λ
sin
(
θ
2
)
, λ =
λ0
n
(2.15)
The R2g is defined as
R2g =
1
2N2
∑
i
∑
j
r2ij =
1
N
∑
i=1
r2i (2.16)
where r2i is the average squared radius of the chain segment i from the center of gravity
g of the molecule and r2ij is the average squared radius of two segments of the chain
(see Fig.2.2).
Figure 2.2: Radius of gyration - Geometric relations of a polymer chain with scattering centers i, j
and the center of gravity g.
The relationship between Rg and P(θ) is independent of the shape of the molecules.
Size determination using light scattering techniques is unambiguous; however, meth-
ods based on molecular hydrodynamics need some preliminary assumptions about the
15
16 2. METHODS USED FOR CHARACTERIZATION OF CHITOSAN
shape of the investigated molecules.
The distance between two scattering centers in a molecule rij is rather short; thus, for
small y values the relationship 1/(1-y) ≈ 1+y transforms equation 2.15 into:
1
P (θ)
= 1 +
q2
3
R2g (2.17)
Equation 2.14 now turns into:
Kc
Rθ
=
(
1
M
+ 2A2c + 3A3c2 + . . .
)[
1 +
16π2
3λ2
R2gsin
2
(
θ
2
)]
(2.18)
This equation applies to highly diluted solutions of macromolecules with D > λ/20.
Figure 2.3: Zimm plot - Idealized Zimm plot of light scattering data (full circles) taken at different
angles (θ) and solution concentrations (c). Double extrapolations to zero concentration and zero scattering-
angle are represented by broken lines. Molecular weight is obtained at the intercept with the y-axis.
2.1.4 Light scattering data reduction
Equation 2.18 shows a function of two variables (c and θ), and therefore a three-
dimensional plot is necessary to evaluate the data. A simple method to use a two-
dimensional plot was introduced by Zimm∗, which is called the Zimm plot64,65,66. A
plot of (Kc/Rθ) against the sum [sin2(θ/2)+kc] can be used to determine the molecular
parameters (see Fig.2.3). k is a new constant, which we select in such a way that
a complete grid-like structure of the variables is obtained. If the values for constant
∗Bruno Hasbrouck Zimm, (*31 Oct. 1920-†26 Nov. 2005), American polymer chemist
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concentrations c and for constant scattering angles θ are connected, one gets two series
of lines. By extrapolating the data to zero angles and concentrations, Rg and A2 can
be obtained from the slopes, respectively.
A2 =
(
k
2
)[
d(KcRθ)θ=0
d(kc)
]
c→0
(2.19)
(R2g)z =
(
3λ2MW
16π2
)[
d(Kc/Rθ)c=0
d(sin2θ/2)
]
θ→0
(2.20)
The interception of both extrapolated lines to zero angles and zero concentrations yields
MW (see Fig.2.3).
1
MW
=
[
Kc
Rθ
]
c→0,θ→0
(2.21)
2.1.5 Angular dependence of light scattering and its consequences
Flexible polymers, such as polyethylene, form very small coils in solution for a broad
range of molecular weights with Rg below λ/40 nm. Laser intensity loss due to angular
dependence becomes, therefore, noticeable only at a rather high molecular weight.
Figure 2.4: Angular dependence - Log-linear graph showing the perpendicular scattering as a
function of angle for three chitosan samples with different molecular weights referring to different radii.
The magnitude has been normalized so that the peak value is one. Angular dependence becomes important,
especially for high observation angles and for large molecules. At an observation angle of 7◦, the loss of
laser light intensity is almost negligible, and thus a low angle light scattering detector LALS detects the
real light intensity even for very large chitosan molecules. Calculated with67.
The sufficient observation angle of the detector, used for a reliable molecular weight
determination of medium sized polyethylene, is therefore 90◦. In the case of chitosan,
17
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this situation changes. Due to the β-1→4 linkages chitosan has a relatively stiff geom-
etry and thus the radius increases quickly with an increase of molecular weight. Even
at roughly 200,000 g/mol, the threshold of λ/40 nm is passed and significant loss of
light intensity is observable for higher molecular weights (Fig.2.4). The consequence of
this is an underestimation of the real molecular weight when the light intensity is only
detected at 90◦. To avoid this intensity loss, the detector must be orientated to at least
one additional observation angle. In reality, light-scattering devices are available with
two angles (90◦ and 7◦, 90◦ and 15◦), three angles (90◦ and low and high), five angles
and 18 angles. Calculation of the real molecular weight can be achieved with all these
devices, but the accuracy depends on data quality, data resolution and the applied
fitting method to get to the 0◦ intensity (see chapter 2.1.7 for details). We have to
keep in mind that only at 0◦ can the real molecular weight be obtained and measuring
at angles other than 0◦ is always a compromise between experimental possibilities and
theoretical claims.
2.1.6 Molecular weight analysis
Since synthetic and natural polymerization techniques typically yield a polymer prod-
uct including a range of molecular weights, the weight is often expressed statistically to
describe the distribution of chain lengths present. Common examples are: the number-
averaged molecular weight MN ; weight-averaged molecular weight MW ; and z-averaged
molecular weight MZ . All mean molecular weight values and the radius of gyration Rg
in dilute polymer solutions are calculated by static light scattering (SLS) in a batch
mode or after chromatographic separation. Within this study, the analysis was always
combined with a previous separation of the polymer samples through a size-exclusion
chromatography SEC setup68. The underlying principle of SEC is that particles of
different sizes elute through a stationary phase (gel columns) at different rates. The
gel columns are filled with particles which have cavities and pores of varying sizes.
Dissolved macromolecules passing by can enter these cavities depending on their total
size in solution; thus, smaller molecules can enter more pores and their dwell time in-
creases in comparison to larger molecules. This results in the separation of a solution
of particles based on size, where the large molecules elute first and the smaller ones are
washed from the column after a delay. A good size-exclusion effect is found when the
elution curves resemble a Gaussian distribution (see Fig.1.5 for details). It is possible to
analyze the eluent flow continuously with different detectors such as a refractive index
detector RI, light scattering detector, a viscosity detector and optionally a UV detector,
if the material of interest shows UV activity. In contrast to batch methods, this tech-
nique yields information about the distribution of molecular weights in the sample and
delivers much more versatile data for molecules with one specific molecular weight/size.
For every elution slice of a chromatogram, the concentration (n) and the molecular
weight (Mi) can be obtained by the refractive index detector and the light scattering
detector, respectively. This information is used to calculate the mean molecular weight
values of the whole distribution. In order to describe a polymer sample, all mean values
in their entirety are necessary to get a complete statistical description.
18
2. METHODS USED FOR CHARACTERIZATION OF CHITOSAN 19
MN =
∑
i
ni ·Mi∑
i
ni
(2.22)
The molar mass Mi of the i-mer is weighed statistically with the relative number pro-
portion of the sample. The MN changes substantially, if several low-molecular weight
polymers are present in the sample (Fig.2.5). n refers to the number of molecules
(concentration) with the molecular weight M.
Figure 2.5: Example of a molecular weight distribution - Two different amounts of stones with
identical total weight but with differences in the weight distribution and size of the stones.
MW =
∑
i
ni ·M2i∑
i
ni ·Mi (2.23)
The molar mass Mi of the i-mer is weighed statistically with the relative mass proportion
of the sample. The MW is influenced by high-molecular weight polymers because the M
enters quadratically into the equation (Fig.2.5). This value is typically used to express
the mean molecular weight of polymers.
MZ =
∑
i
ni ·M3i∑
i
ni ·M2i
(2.24)
MZ is an extension of the MW value by M. High-molecular weight parts of a sample
have an even higher effect on this value; however, this value is rarely used.
polydispersity =
MW
MN
(2.25)
The ratio of MW and MN is the polydispersity index PD, commonly used to express the
”width” of the molecular weight distribution. PD can be 1 in case of macromolecules
with defined structures like proteins or DNA. For synthetic polymers or biopolymers,
a much broader distribution of molar masses is found, which is typically higher than 2
(Fig.2.5).
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2.1.7 Experimental approaches in light scattering detection
The application of light scattering detectors for polymer analysis requires different
detector geometries, when a broad molecular weight range and therefore different scat-
tering mechanisms are present. Typically, a 90◦ (sin2(θ/2)=0.5) angle detector is used
and yields the real molecular weight for the Rayleigh scattering mechanism when the
Rg of polymer particles is smaller than D > λ/20 nm (roughly 16 nm for chitosan).
At radii larger than 16 nm, scattered light intensity underlies an angular dependence.
In this case, the real molecular weight can only be obtained at 0◦ (sin2(θ/2)=0) of
the backscattered light. However, this is technically impossible and the real molecular
weight can be achieved using three different strategies.
Figure 2.6: Fitting routines used for MW determination - Data from a polymer example obtained
by MALS (adopted from69). The data points are fitted using the Debye, Zimm and Berry method.
Standard deviations of the data may have an impact on the y-intercept and thus on MW determination,
depending on the fitting routine and also on the quality of the data. For a low-angle light scattering, the
intensity is treated as the 0◦ intensity (the small error which applies here is ignored).
1. The scattered light is measured at more than three different angles (up to 18),
and the molecular weight is obtained by plotting the light scattering intensity as
a function of angle and extrapolation to 0◦. This can be done with multi-angle
light scattering detectors (MALS), and requires different fitting routines such as
the Debye, Zimm or Berry method.
Signal intensity will vary with the observation angle, due to the angular depen-
dence of the scattering light and different signal-to-noise ratios. At very high and
low angles, data quality decreases while the issue of backscattering light arises at
these positions. Standard deviations of data obtained at these angles are therefore
much higher than at 90◦ (see Fig.2.6). Selection of the fitting routine depends
on data quality, shape of the plots and size of the investigated particles. For a
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linear plot shape as in Fig.2.3, the Zimm method is typically used. Alternatively,
the Debye method can be used if the quality of the curve fitting improves69. For
particles with large sizes and unknown shape, the Berry method is the preferred
evaluation procedure70. Fitting of these data therefore also results in some un-
certainty, depending on the correlation coefficient. Since the molecular weight is
obtained at the intercept of the y-axis, the curve-fitting needs to have much better
quality at low angles rather than at high angles. Using light scattering data ob-
tained with MALS from a sample substance (Fig.2.6), we will show the impact of
the curve-fitting method used on Rg and MW calculation. Fig.2.6 shows the data
points and indicates that the data are much better reproduced by the Zimm fit
rather than the Debye or Berry methods. The Debye fit shows a good correlation
above 0.4 (sin2(θ/2)), but data from the low angles are reproduced insufficiently.
The fit yields in a lower intercept and finally to an underestimation of the MW .
The same problem appears for the Berry method, where nonlinear data points
are fitted by a linear curve. The variations of the same data set obtained by the
different methods (Fig.2.6) are summarized in Tab.2.1.
Table 2.1: Variation of the target parameters by changing the evaluation method on the same
set of data.
Fitting MW Rg MW Rg
method [kg/mol] [nm] % %
Zimm 674 84.5 100 100
Debye 628 68.5 93 81
Berry 611 70 91 83
MALS is a direct method for obtaining the molecular weight of an unknown
polymer; however, it is based on different curve-fitting methods and its accuracy
is therefore not as absolute as is often claimed.
2. Nowadays, the challenge of stray-light, cell window reflections, air bubbles and
bad signal-to-noise ratios for low-angle light scattering LALS detectors is receiv-
ing a great deal of attention, and several improvements have been implemented in
the new detector devices. Today, other laser sources and improved detector cells
are in use, enabling the construction of LALS detectors with higher precision than
that described in the literature twenty years ago71,72. The use of only two angles
(low and 90◦) needs much stronger signal response for a reliable analysis. High
noise in the low angle intensity interferes more strongly with MW calculation,
since fewer angles means fewer data statistics and also less control of reliability
of data73.
If the detector is orientated at a rather small angle (7◦, (sin2(θ/2)=0.0037), the
difference between the 0◦ observation angle is rather low (0◦, (sin2(θ/2)=0). In
practice, the low angle intensity is treated as 0◦ intensity. The error which applies
here is ignored, and MW can be received without any curve-fitting directly from
the 7◦ detector response.
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3. By use of only a 90◦ detector, the RALS (right-angle light scattering) intensity
decreases significantly for high molecular weight polymers due to angular depen-
dence of scattered light. Small polymers can be measured without any restrictions
(due to the Rayleigh scattering mechanism) when the molecular dimensions are
below D > λ/20 nm. Missing RALS intensity of high molecular weight polymers
can be viscosity corrected by the evaluation software (e.g. OmniSEC software), if
a viscometer is used and the following algorithm is implemented. Received molec-
ular weight and intrinsic viscosity values for every chromatography slice were used
to improve the molecular weight by an iterative method through calculation of
the radius of gyration Rg using the Flory-Fox74 and Ptitsyn-Eizner75 equations:
Rg =
(
1
6
)0.5
·
(
M · [η]
Φ
)0.3
(2.26)
where Φ is 2.55·1021·(1-2.63·(2a-1/3)+2.86·(2a-1/3)2) with (a) the slope of the
Mark-Houwink plot (explained later in more detail). The calculated radius is
used to recalculate the scattering function P(θ) which is then used to determine
the viscosity corrected molecular weight.
x =
8
3
[
Rg
Πn
λ
sin(θ/2)
]2
(2.27)
P (θ) = 2
[
e−x − (1− x)
x2
]
(2.28)
Equations used for this method are based on a model of linear flexible chain
polymers and a priori assumptions of molecular conformation and shape of the
polymers, which can differ for polymers with a stiffer chain geometry.
In this study, the molecular weight was determined according to the second and third
strategies.
2.1.8 Refractive index increment
Concentration fluctuations in solution detected by light scattering turns out to be
sufficient to obtain thermodynamic information about polymeric and colloidal systems.
Effectively, the tiny concentration fluctuations between dissolved macromolecules and
the solvent depend on their scattering abilities. These abilities differ with the particle’s
origin. Titaniumoxide particles, for example, have a refractive index of 2.7 in solid
state while organic matter is usually in the range of 1.5-1.9. Polymer coils made out of
these different materials will show different scattering behaviors, and titaniumdioxide
polymers (if they exist) would show a stronger increase in scattering intensity with
increasing concentration than is expected for organic polymers. To consider this effect in
our light scattering observations, we need a material constant to describe this behavior
named specific refractive index increment, usually called dn/dc.
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dn/dc is how much the refractive index of a solution varies for a given increment in
concentration, expressed as g/mL.
dn
dc c=0
= limc→0
(
n− n0
c
)
(2.29)
Usually, these constants are available for several polymers and can be looked up in a
number of databases and books76,77. However, the dn/dc depends strongly on wave-
length of the laser, temperature of the solution, the solvent system used and, of course,
of the type of polymer; ”just” measuring the dn/dc is not an easy task.
In order to measure the dn/dc, dilute solutions of about 1 mg/mL are required. The
change of the refractive index n between solvent and solution is very small if we as-
sume a dn/dc of 0.1 mL/g: 0.001 · 0.1 = 10−4. Normal refractometers of the type
checking the purity of an organic liquid are barely precise enough to see these small
differences between solvent and solution. At this level of precision, temperature drift
becomes a serious concern. To measure the dn/dc precisely, a differential refractometer
is needed. A differential refractometer directly observes the refractive index of pure
solvent and the solution at the same time, and responds to their difference. Further-
more, the refractometer must operate at the same wavelength as the light scattering
detector; otherwise the precisely obtained value needs to be wavelength corrected. To
inform the reader about which obstacles can appear during the dn/dc determination
of chitosan, we will briefly outline the measuring procedure.
Measuring the dn/dc An appropriate amount of chitosan is necessary for preparing
precise dilutions of 1 mg/mL. This amount (e.g. for stock solutions about 1 g) should
be dried for at least several days to remove any water. It can happen that some water
molecules are tightly incorporated in the polymer matrix and thus cannot be evap-
orated. Since we are working with natural products, traces of protein, astaxanthin,
CaCO3 or NaOH may also appear in the product and are usually not removed. All
contaminations reduce the concentration of the chitosan solution to be prepared and
can further show significant differences in their optical properties. During dissolution
of chitosan, the solvent system (e.g. acetic acid buffer) should be securely capped to
avoid evaporation and associated changes of the concentration. It must be taken care
on the solvent selection (as mentioned in chapter 1); otherwise, incomplete dissolution
is present. If chitosan is solubilized (at least for 24 h), some residual insoluble matter
may remain, depending on the purity of the chitosan preparation used. For an opti-
mal light scattering experiment, this insoluble matter must be removed by filtration.
There is no need to say that filtrated solutions never show 100% recovery of the target
substance, especially if large undissolved particles are present.
After the whole sample preparation, it is not possible to be sure about the real poly-
mer concentration at the beginning of the dn/dc experiment. However, the polymer
concentration must be known precisely in order to get realistic dn/dc values.
We have seen that purity of the raw product is of even more importance than an appro-
priate selection of a laser beam or a temperature oven, since the latter can be achieved
more easily (although it is more expensive). This task becomes even more complex, if
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Figure 2.7: Variations of the dn/dc - In different studies about chitosan different dn/dc values were
used. The diagram presents values obtained at 436 nm (Wang et al.78) and values obtained at 633 nm
(Terbojevich et al.79, Christensen et al.80, Kasaai et al.81, Chen et al.82, Berth et al.83, Schatz et al.84)
for different chitosan preparations with changing FA.
optical properties of chitosan change with the chemical compositions of the sample.
Variations of the dn/dc Some authors have observed a change of the dn/dc with a
change of the FA, while other reports indicate no dependence of the dn/dc on the FA
(see Fig.2.7). We have to admit that measuring conditions of these reports compared
in Fig.2.7 were not identical, and therefore a complete correlation of the data is not
expected. However, the difference in the dn/dc between 0.142 and 0.208 is quite large
and cannot be explained by a slightly different wavelength (between 436 nm and 546 nm
the change should not be higher than 3%85) or a 10◦ higher temperature, although all
values may be obtained properly. Several publications also discuss dialyzed and non-
dialyzed polyelectrolyte samples showing strong differences in their dn/dc.
At the end we should get at least one reliable dn/dc value in order to be able to calculate
the molecular weight of our polymer sample. But which one is to be taken? Since the
literature survey could not answer our dn/dc problem sufficiently, let us now have a
brief look at familiar polysaccharides.
dn/dc’s of polysaccharides Because there is some uncertainty about which dn/dc value
is useful for chitosan analysis, we changed the strategy and took a more thorough look
at related polysaccharides. A change in the chemical environment of a polysaccharide is
always followed by a change in its dn/dc. A comparison with polysaccharides that have
a higher standard of purity control may give an interesting insight into the variability
of the dn/dc. So, let us have a look at familiar polysaccharides.
24
2. METHODS USED FOR CHARACTERIZATION OF CHITOSAN 25
Values for alginate (0.158 - 0.165), amylopectin (0.142 - 0.156), amylose (0.146), car-
boxymethylcellulose (0.147 - 0.163), carragenan (0.140), dextran (0.136 - 0.150), ethyl-
cellulose (0.154), hyaluronic acid (0.155 - 0.176), starch (0.146 - 0.152) and pullulan
(0.137 - 0.147) were found for laser wavelength between 436 - 633 nm in aqueous solu-
tion with varying salt contents (all values were taken from77). This comparison reveals
that completely different polysaccharides show only small changes in their dn/dc. Ex-
pecting the same for chitosan, a value comparable to those polysaccharides values was
taken for our light scattering experiments (0.163 reported from Rinaudo et al.86).
Impact of the dn/dc on molecular weight determination Unfortunately, selection of the
dn/dc is not an analytical detail, which becomes important for only some certain cases.
Every light scattering experiment requires this constant, and its impact on the deter-
mination of the molecular weight is far from negligible, as shown in Eq. 2.11, Eq. 2.18
and the following equation:
is = KLS ·M · (dn/dc)2 · c (2.30)
The dn/dc enters quadratically to the molecular weight calculation. This calculation
also depends on the concentration c of the polymer (obtained by the refractometer) and
on a system constant KLS , which is determined before the measurement with a narrow
standard sample (pullulan, dextran or polyethylenoxid). Measuring an unknown sam-
ple by light scattering, the molecular weight can be calculated from the light scattering
intensity is, if the previously mentioned values are known.
Using a dn/dc of 0.14280 for the dn/dc, the MW calculation of a high molecular weight
chitosan sample, we receive a molecular weight of 1098 kg/mol. Changing the value to
0.20883 for the same chromatography data, the MW decreases to 750 kg/mol. The use
of published dn/dc values on identical data leads, therefore, to a drastic change in the
molecular weight of up to 32%! Thus, comparison of molecular weight data obtained
by light scattering must include information about the dn/dc; otherwise, a comparison
will never show conformity when two different dn/dc’s were used.
2.1.9 Standardization of MW and FA determination
During the last decades of chitosan research, many methods have been proposed to
determine the fraction of acetylation (FA) as well as the weight-averaged molecular
weight (MW ). Although these are two of the most important parameters of chitosan,
no standard technique could be established. This is mainly deduced by some chitosan-
typical drawbacks: poor solubility, polyelectrolyte behavior and its polymeric character.
As a consequence of the lack of a standard technique, many alternative methods have
been proposed to determine these parameters. However, accuracy and reliability is
sometimes questionable and depends often on sample composition. FA and MW values
determined by different methods are sometimes hardly comparable and interpretation
or comparison of these data must be done carefully. To inform the reader about the
methods which can be applied, we will briefly discuss and summarize the techniques
used and described in the literature.
MW determination In linear polymers the polymer chains rarely have the same degree
of polymerization and molar mass, and there is always a distribution around an average
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value especially in natural polymers. Several techniques were used during the years,
often measuring just one of the molecular weight values shown previously ((Eq.2.22,
2.23, 2.24 and 2.22). In modern times the most common technique has become size-
exclusion chromatography (SEC). Apart from batch methods such as batch viscosity
measurements87, batch static light-scattering (SLS) measurements88,89,90,91, or batch
multi-angle light-scattering (MALS) measurements82,92,93, chromatography has the ad-
vantage in determining the polydispersity of the sample. The width of the molecular
weight distribution is often the key parameter of a chitosan sample. The higher this
distribution is, the less conclusive is the observed effect of one sample due to presence
of several thousand different molecular weights at the same time. A reliable deter-
mination of the polydispersity of a sample is therefore an important requirement for
pharmaceutical and scientific observations.
• SEC-RI (pullulan calibration)94,95,96
• SEC-LALS97,98,99
• SEC-MALS83,84,90,100,101,102,103,104
• SEC-LALS-Vis105
• SEC-MALS-Vis80
Since the use of size-exclusion chromatography is a common agreement more contro-
versy is present about the different detectors used online for chromatography. Nowa-
days, all old bench methods can be applied for a chromatography setup such as a
refractive index detector (RI), viscosity detector (Vis), and light-scattering detectors
(single-90◦, low-angle and 90◦ (LALS), or multi-angle with 3, 5, or up to 18 angles
(MALS)). Using only refractive index or viscosity detectors MW can be only obtained
in reference to some standard samples (often pullulan or dextran). These values differ
significantly from the ”real” molecular weight because chitosan coils different in so-
lution in comparison to pullulan and dextran. Reliable molecular weight values can
only be obtained by light-scattering. However, the type of light scattering device to
be used in chitosan science (low angle vs. multi angle vs. triple detection) is still a
matter of discussion and this may be based mainly on the use of different parameters
in light scattering experiments in chitosan research. For a light scattering experiment
values such as the dn/dc (refractive index increment) and the Rθ (Rayleigh ratio) must
be known for the molecular weight analysis. If only one value is changed for example
for inter-lab comparison, resulting MW values will be significantly different even for
identical samples.
Rθ is in principal the internal standard of a light scattering device. To make an light
scattering detector to an absolute measurement device the equipment needs once to
be calibrated after manufacturing to ensure its accuracy and functionality. This is a
typical procedure and often done by the manufacturer. For this calibration, a pure
organic solvent with known Rayleigh ratio, e.g. toluene106,107 is used.
Rθ = Rθ,toluene · n
2
0Iθ
n2tolueneIθ,toluene
(2.31)
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Nowadays a Rθ of 1.402·10−5 cm−1 obtained at 90◦ using 632.8 nm laser light108 should
be used, which is stipulated by the Federal Institute for Materials Research and Test-
ing (BAM, Bundesanstalt fu¨r Materialforschung und -pru¨fung). However, there are
still other values in use such as 1.3522·10−5 and 1.340·10−5 109. Again, to receive com-
parable molecular weight data for inter-lab comparisons, information about the used
Rayleigh ratio must be included.
Despite these difficult conditions it could be shown that a reliable determination of
molar masses with acceptable deviations is possible, according to a round-robin test
with four different polymer reference materials110. Within this test, different detector
devices were applied (low angle and multi-angle light scattering detectors), indicating
negligible dependencies on different instruments (especially LALS vs. MALS), different
cell geometries, or different wavelengths of laser light. Dependencies on dn/dc values,
inappropriate solvents and the Rayleigh ratio of toluene, Rθ,toluene, were excluded as
they were prescribed by the regulations. This indicates how difficult it is to initiate a
standardization of molecular weight determination of chitosan, even for light scattering
devices, as long as different dn/dc and Rθ,toluene values are used. But it shows also that
a standardization in chitosan research might be possible in the future.
FA determination For the determination of FA, up to 17 different methods have been
applied in the literature. Considering the solubility issue of some chitin/chitosan sam-
ples, some of these methods are inapplicable for insoluble samples. In several methods,
the samples have to be carefully purified to avoid any interference with the measure-
ments. Moreover, most methods present several drawbacks regarding either analysis
time, cost, or accuracy.
To present it clearer, we will summarize these methods in two bullet list. The first
one contains the methods which were proposed some time ago but are hardly used
regularly as the procedures they require are time-consuming. All methods have the
determination of non-absolute FA values in common.
The second bullet list contains the more accurate methods for FA determination, thus
they are used more regularly within the scientific community. We will also indicate
wether the method is suitable only for chitosan, highlighted by ”soluble material”, or
whether it is also applicable for chitin, highlighted by ”solid material”.
• conductometric titration111 (soluble material)
• UV-VIS112 (soluble material)
• circular dichroism113 (soluble material)
• thermal analysis114
• enzymatic hydrolysis115 (soluble material)
• picric acid assay116 (soluble material)
• pyrolysis GC117 (solid samples)
• acid hydrolysis GC118 (solid samples)
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• acid hydrolysis HPLC119 (solid samples)
• ninhydrin test120,121 (soluble material)
• X-ray diffraction122 (solid samples)
Since chitosan is a natural product it may contain certain residues (protein, alkali, salt,
astaxanthin) depending on chitin source quality and reaction conditions. Problems with
contaminations of the sample may arise for several methods. Residual salts may inter-
fere with a conductometric titration by influencing the endpoint of the titration and
therefore shift the FA value determined by this method. Other residues like proteins dis-
play UV activity and may interfere with the UV-VIS and the circular dichroism method.
In 2002 the European Pharmacopeia proposed the UV method as standard method for
characterizing chitosan hydrochloride. However, Aiba et al.123 found changes in the
DA values (30% strong) in comparison to IR spectroscopy and colloid titration, which
reflects the vulnerability of this method.
The enzymatic hydrolysis requires non-standard enzymes, which activity must be checked
beforehand and the overall procedure is relatively time consuming. Together with the
pyrolysis, the acid hydrolysis GC as well as the HPLC method needs a 100% rate for
the preceding hydrolysis reaction, which can not be checked easily. Furthermore the
measurement time including sample preparation is very long.
The ninhydrin method is non-quantitative and depends on different molecular weights
and therefore needs a calibration curve determined by a second method121. The XRD
methods is influenced by lyophilization of the samples, which changes the origin crys-
talline properties of the sample. In summary, the overall accuracy of the above men-
tioned methods may directly dependent on purity of the investigated samples and their
applicability is limited. Thus, they do not qualify as standard methods for FA deter-
mination.
Let us now focus on the more important methods used for FA determination. To
illustrate the impact in the scientific community the number of citations are shown
after every method (determined via Web of Science (ISI Web of Knowledge) 20th July
2010).
• IR spectroscopy124 (solid samples) cited 117 times.
• 1H-NMR125,126 (soluble material) cited 176 and 203 times, respectively.
• 13C-NMR127 (soluble material) cited 84 times.
• solid state 13C-NMR111,128 (solid samples) cited 76 times.
• 15N-NMR129 (soluble material) cited 49 times.
• colloid titration130 (soluble material) no citation count available
To start discussing the IR spectroscopy method, it has two main advantages: it is
rather quick and can be used also for chitin samples since the measurement requires
solid material. However, there are uncertainties about the best baseline setting and
selection of peaks for analysis (amide, amino, hydroxyl)131 resulting in different FA
values for the same spectrum. This shortcoming of IR spectroscopy is shown up by
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highly deacetylated samples, in the spectra of which the amide band is scarcely distin-
guishable. On the other hand, it gives good results for very low deacetylated samples,
which can not measured by many other methods. A main problem is that it does not
give absolute values and needs to be calibrated with a direct method such as NMR131.
Considering the number of citations we can clearly distinguish that 1H-NMR is a fa-
vorite within the scientific community. With up to 200 cites liquid state 1H-NMR
reflects its leading position due to the best accuracy in combination to very quick
results132. The Hirai as well as the V˚arum method result in comparable FA values
(deviation not higher than 1 or 2% of the FA value) while the V˚arum method is more
accurate through incorporation of the H1 and H2 signals. However, we prefer the
method proposed by Hirai because the V˚arum method requires measurements at high
temperatures and extends measuring time, while the Hirai method can be performed
at room temperature. The main advantage of the NMR method is the generation of
absolute values through the detection of deacetylated and acetylated signals, simulta-
neously. The ratio of the one to another reveals the FA value without any calibration or
assumption. On the contrary, liquid state 1H-NMR cannot be used for chitin because
this technique is limited to soluble material and the equipment is extremely costly.
Similar results can be obtained by 13C-NMR, solid state 13C-NMR and 15N-NMR.
However, these techniques extend the measurement time to more than one hour per
sample at least (depending on device and conditions) and are, despite good accuracy,
far away to become a standard method. Exceptionally, solid state 13C-NMR shows
increased potential because it covers the range of 0% to 100% deacetylated samples.
Nevertheless, NMR has become the most reliable technique for FA determination in
science in recent years133. It shows good repeatability and reproducibility results not
only for inter-operator comparisons but also for inter-lab comparisons on different NMR
devices (at least, this is our experience).
Beyond the scientific research community, the simple colloid titration method enjoys
great popularity mainly due to its unbeatable costs. Small chitosan producing facili-
ties typically does not have access to NMR equipments or simply want to avoid their
expense. Although it is prone to impurities (alkali residues) it can be performed very
quick in even the most simplest lab. Similar to above mentioned methods it does
not give absolute values and needs to be calibrated or should first be performed with
samples of known FA.
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3Polymer interactions in solutions
We have seen so far that dissolution of chitin/chitosan in general is challenging. Com-
plete dissolution, however, is a prerequisite for the application of light scattering tech-
niques. Let us assume, we found a solvent A which dissolves chitosan: Is this sol-
vent better than another solvent B, and how can we distinguish between ”better” and
”worse” solvents? What is wrong with the solvent or with the polymers if aggregation
appears, and how can this be avoided? And what has it to do with a conformational
analysis?
All these questions will be answered in the present chapter ”Polymer interactions in
solution”.
3.1 Excluded volume effect
In coils with long-range interactions, the space occupied by one segment is excluded
for all other segments. This excluded volume effect was first described by Paul Flory∗.
Intramolecular excluded volumes expand the coil and are commonly present in coils
in very dilute solutions where the effects of intermolecular excluded volumes are ab-
sent. Since space requirements of segments are determined not only by their physical
volumes but also by their interactions, excluded volumes increase due to repulsion be-
tween segments and decrease due to attraction. Thus, a chitosan molecule will show
differences in the excluded volume effect if the FA, and therefore the charge-bearing
groups, are changed and the acetyl groups are orientated in different patterns (block-
wise or random), respectively. Interactions between two segments of a chain compete
with those between segments and solvent molecules. The magnitude of the excluded
volume effect thus depends on its ability to interact with the polymer (thermodynamic
quality of the solvent) and on the polymer concentration c. In so-called Θ solvents,
all effects of interaction and physical volume requirements cancel each other and the
excluded volume becomes zero. The coils adopt their unperturbed dimensions.
∗Paul Flory, (*19 Jun. 1910 - †9 Sep. 1985), American chemist, Nobel Prize winner 1974.
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3.2 Effect of the polymer concentration
True polymer solutions are defined by the conjunction of the following characteristics:
they are thermodynamically stable systems and only physical interactions - such as
hydrodynamic interactions - exist between the coils.
A typical polymer molecule is a long, flexible or semi-flexible chain that, being in so-
lution, can adopt any configuration compatible with its fixed bond lengths and angles
and other possible steric restrictions. The temporary fluctuations define the equilib-
rium statistical conformation of the polymer coil in the solvent. On the other hand,
there are always attractive and repulsive monomer/monomer and monomer/solvent
interactions134. The balance between these interactions will result in coil contraction
or coil expansion. Whereas backbone rigidity and molecular weight are intrinsic charac-
teristics of the polymer chain, this balance depends on solvent ”quality” (the chemical
nature of the solvent and the temperature). In ”good” solvent conditions, the chain
conformation is more expanded, because solvation of chain segments increases the ex-
cluded volume134. Under ”bad” solvent conditions, attraction between chain segments
dominates and causes coil collapse. The coil contracts, resulting in a more dense par-
ticle which eventually precipitates from the solution.
Dilute regime (c < c*) In a very dilute solution, the volume available to each poly-
mer segment is very high. The coil remains statistically far from other coils, thus, the
chain can be considered as an isolated chain. This situation prevails up to the critical
overlap concentration c*.
Light scattering experiments are typically performed using dilute solutions below c*.
Semidilute regime (c* < c < c**) When polymer concentration increases above
c*, there is a progressive interpenetration of the coils, accompanied by a contraction of
their individual volume. Coil contraction is a result of intermolecular segment inter-
penetration. The solution becomes a transient network of entangled chains134. If we
now look at the system as a network, it can be readily extended to that degree that
low-energy physicochemical interactions are formed between chains. These regions of
entanglements give rise to junction zones. Junction zones have typically longer lifetimes
than chain entanglements, which shifts the state of an entangled solution to that of a
”physical gel”. The establishment of such junction zones generally involves a change
in the conformation of the chains, which lose their random coil character. This can be
the starting point for an agglomeration of the polymers in solution if all prerequisites
for the stability of aggregates in solution are fulfilled.
Concentrated regime (c > c**) At certain concentrations c** > c*, the coils reach
their Θ dimension; the excluded volume interaction is completely screened off. Above
c**, coils will not shrink, and the polymer solution becomes an entanglement network
where the chains have completely lost their individual character134. Interactions of
chains now arise from a mixture of both intermolecular and intramolecular. Analysis
of concentrated solutions to determine intrinsic properties of the polymer chains are
therefore challenging.
The special case: polyelectrolyte solutions Polyelectrolytes are polymers which
possess ionizable groups with charges of the same sign. The distinctive feature of
polyelectrolytes is that the conformation of the polymer depends strongly on the ionic
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strength of the solvent, because the range of the electrostatic interaction decreases as
ionic concentration increases134. Obviously, electrostatic repulsion between the charged
segments of the polyelectrolyte will favor more expanded conformations of the chain
if excluded volume effect are the only long-range interaction existing between chain
segments. Chain dimensions, like the radius of the solvated coil, will therefore increase
in comparison to an uncharged chain. In a dilute and salt-free solution, the chains tend
to adopt an almost rod-like shape in order to minimize the electrostatic contribution
to the free energy of the chain. At moderate values of the ionic strength (I), the chain
conformation shows a larger radius of gyration than the equivalent uncharged chain,
and at high ionic strength the dimension of the coil approaches that of the uncharged
chain134.
Figure 3.1: Phase diagram of a polyelectrolyte in solution - Theoretical phase diagram for an
aqueous polyelectrolyte solution with DP = 3350 and Fcharges = 0.2 (adopted from
135). (A) Dilute regime
of flexible conformation, (B) dilute rodlike regime, (C) semi-dilute regime.
Since the conformation of a polyelectrolyte depends strongly on its own concentra-
tion c as well as on salt concentration cs, the phase diagram of a polyelectrolyte is
more complex than that of neutral polymers (see Fig.3.1). Being a highly expanded
macromolecule, the coil overlap concentration c* is extremely low at low and interme-
diate salt concentrations. Below c* and at high salt concentrations (Fig.3.1 (A) flexible
regime) we have a higher screening effect of the charges along the chain leading to a
similar coiling in comparison to uncharged chains. However, at low salt concentrations
the transition to a rodlike behavior appears (Fig.3.1 (B) rodlike regime), that is far
different from that of a neutral polymer and with strong intermolecular interactions.
Above c*, the chain is likewise flexible (Fig.3.1 (C) semidilute regime), but now the
classical excluded volume interaction screening effect of neutral polymers is combined
with the electrostatic screening effect and affects the expansion.
Challenges in experimental characterization The extremely low values of c* and the
existence of strong intermolecular interactions for c < c* make the experimental char-
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Figure 3.2: Salting-out effect of chitosan - Insolubility of chitosan in presence of tartrate and
thiosulfate sodium salts. The half mean precipitation concentration PC50 for Chi K (dashed line) and Chi
D (solid line) using tartrate is 4.29·10−4 mol/L and 2.6·10−3 mol/L, respectively. The PC50 for Chi K
(dashed line) and Chi D (solid line) using thiosulfate is 0.03 mol/L and 0.21 mol/L, respectively.
acterization of the isolated macromolecules difficult at low and intermediate cs values.
Since macromolecules are separated by their hydrodynamic shape in size-exclusion chro-
matography, a change of the eluent can lead to a strong change in the exclusion limit
for the applied columns. For an optimal elution through a gel column flexible coils
are favored; however, the increase in the salt concentration also increases experimental
problems. Through small leaks in the pump head, small volumes of eluent can leak
out. These salt contaminations can corrode the pump cylinders as well as metal parts
and have a harmful effect on the analysis equipment. Furthermore, many flexible neu-
tral polymers approach unperturbed dimensions (Θ dimensions) as salt concentration
increases. They eventually even precipitate from solution, which is known as ”the salt-
ing out” effect. To avoid a precipitation on gel columns, it is recommended that the
dissolution behavior of the applied polymers is examined before a new eluent is used.
For chitosan, the use of different salts led to a change in the half-mean precipitation
concentration PC50 (the PC50 describes the salt concentration at which the half of the
polymer concentration is precipitated from solution)(Fig.3.2). The use of chaotropic
salts136 such as tartrate and thiosulfate results in a rather low concentration at which
precipitation occurs. However, kosmotropic salts136 such as acetate and chloride can
be used in high concentrations, avoiding the undesired effect of precipitation.
General theories about chain expansion and their electrostatic behavior deal with an
average value for charge density. But the distribution of the charged groups along the
chain also plays a role, since repulsion between adjacent charges is likely to have a larger
effect on conformation than is expected from distant charges. In the case of chitosan,
again the overall FA value and also the pattern of acetylation becomes important for
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general solution behavior. Both properties may affect the precipitation from solution
as well as the conformational behavior in different salt concentrations.
3.3 Detection of aggregates
Particle aggregation is an adverse effect when the physicochemical characteristics of
macromolecules are measured with light scattering devices. Large aggregated polymers
in solution can interfere with a light scattering experiment, since larger molecules are
more intense scatterers and produce higher response of scattered light. The impact of
large particles on equation 2.23 was illustrated in Fig.2.5, suggesting that prevention
of aggregation is the ideal way to avoid interference with the analysis.
c* and aggregation Concerning chitosan, aggregation appears if the critical concen-
tration c* is reached (see Fig.3.3a). The shoulder in the light scattering peak rises
with an increase of concentration from 0.1 to 1.0 mg mL−1. At 0.1 mg mL−1, there is
no aggregation - at least the light scattering detector shows no shoulder. Decrease of
the concentration is therefore the best way to avoid this effect. However, aggregation
of chitosan cannot be excluded by staying below c* in all experiments because others
effects must be considered as well.
Figure 3.3: Aggregation behavior observed by SLS - (a) Concentration-dependent height of
the aggregation signal (marked with an arrow) observed by light scattering. (b) Aggregation behavior
influenced by the fraction of acetylation.
Impurities and aggregation It is known that chitosan shows excellent flocculation
properties in waste water and is used as finning agent in food production, e.g. for
clarification of wine137,138. As a natural product, chitosan may contain a noteworthy
number of impurities. The same coagulation effect mentioned above can also appear
for these impurities when a chitosan sample with natural residues is prepared for a light
scattering experiment. This effect may appear independent of the overall concentration
or c*.
pH and aggregation Concentration of a polyelectrolyte is a general parameter by
which to explain agglomeration of polymer chains; however, chitosan also has some
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specific properties which play a role in an agglomeration process. According to the
literature, the pKa value of the free amino groups along a chitosan chain are around
6-6.5139. Increasing the pH in a chitosan solution leads, about a certain pH value, to a
majority of deprotonated amino groups.
Figure 3.4: Aggregation behavior ob-
served by TEM - Image of a large agglomeration
of chitosan chains in an aqueous solution with pH
5.5.
This ”discharging” of the molecule is
accompanied by less solubility with a
decrease in charges, which is finally
followed by precipitation. This ef-
fect can be visualized by transmission
electron microscopy (TEM). An im-
age of a large ensemble of aggregated
molecules in an acetic acid solution (pH
5.5) near the pKa value is shown in
Fig.3.4. The same experiments were
done at lower pH (pH 5.0), where less
than 5% of the amino groups are de-
protonated, with the effect that the
aggregates disappeared and could not
be observed. Under pH conditions
near the pKa, molecules started to ag-
gregate and formed quite large par-
ticles with huge dimensions of about
1.5·0.5 μm. In such a case, particles
can be removed with syringe filters with
narrow pore size, which are typically
used prior to light scattering experi-
ments.
FA and aggregation Another characteristic of chitosan is again associated with the FA
value. Remaining acetyl groups on the polymer chain are able to form many hydrogen
bonds, simulating a chitinous structure if the chains are in close contact, giving rise to
junction zones. These general interaction potentials are discussed as having a significant
impact on aggregation behavior even below c* and apart from the other side effects.
Comparing four samples with low-molecular weights (below 6,000 g/mol) but different
FA, the intensity of the pre-peak - attributed to aggregates - rises with an increase of
FA (Fig.3.3). Molecular weight of the samples is in this case too low to form large-
sized aggregates removable by filters; thus, aggregates are detected easily by the light
scattering detector of the chromatography setup. Einbu et al.51 found similar results
for a set of chitin samples with different molecular weights. After filtration, only the
smallest sample still contained aggregated molecules which could pass through the
filter.
For a reliable analysis of chitosan, several conditions must be considered. Problems
with aggregation of chitosan can be avoided if the solvent has a pH of 5 or lower; the
polymer concentration is below c*; the salt content of the solvent is not too high (and
kosmotropic salts are used instead of chaotropic136); and the samples are filtered before
analysis (0.2 or 0.45μm). These framework conditions may help to avoid aggregation,
but in case of samples containing impurities and/or a high FA values aggregation cannot
be excluded.
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4Conformational analysis
So far we have seen, that several properties or measuring conditions are important
aspects for a reliable analysis of chitosan. These conditions were discussed in detail
because they are prerequisite for a conformational analysis. In this chapter we will
introduce briefly to the strategy of a conformational analysis, to stiffness parameters
in general, and will have a look on the historically changes within this conformational
analysis.
4.1 History of the conformational analysis
Measuring the conformation of a macromolecule in solution requires information about
at least two molecular dimensions. From the MW of a protein alone; we only know
whether it is lighter or heavier than a different protein, we cannot say that it is larger
or smaller than others as information about the size is necessary. Proteins fold in a
very specific way in solution under ideal conditions. If we now change the conditions
to non-ideal, e.g. rise of temperature or adding of salt, it will lead to a denaturation of
the protein, meaning the folding of the protein is disturbed so that it loses its typical
tertiary structure accompanied by loss of its catalytic function. Measurements of the
molecular weight under non-ideal conditions will detect the same molecular weight as
before, because the primary structure is still the same. After determination of the
intrinsic viscosity [η] of the solution, we will see an increase in viscosity. Under ideal
conditions, the protein has an almost spherical shape while under non-ideal conditions
the protein behaves like a large looped coil, which influences strongly the diffusion and
therefore the viscosity. A plot of [η] in dependence on M for both cases would reveal
two straight lines with an increase in [η] by an increase of M. However, the slope of
the plots will be different. In the ideal case, a flatter increase and a lower slope are
observed than in the non-ideal case. Thus, a measurement of at least two molecular
dimensions enables an estimation of stiffness of the macromolecule in solution.
This relationship between the [η] and M was found empirically by Hermann Staudinger∗
∗Hermann Staudinger, (*23 Mar. 1881 - †8 Sep. 1965), German chemist, Nobel Prize winner 1953.
37
38 4. CONFORMATIONAL ANALYSIS
using cellulose and cellulose derivatives. Hermann Mark∗ was the first to express this
empiric relationship in an equation, and Roelof Houwink† confirmed its validity by
measuring several polymer samples in different solvents; the following equation is now
called Mark-Houwink equation (M-H):
[η] = K ·Ma (4.1)
The Mark-Houwink constants (K) and (a) depend upon the type of polymer, solvent
and temperature used during the viscosity measurement. The plot of the log [η] vs.
log M usually gives a straight line with slope (a) and intercept log (K). The slope (a)
can vary from 0 (compact sphere) over 0.65-0.85 (random coil) to 1.8 (very stiff chain),
revealing information about the polymer conformation in solution140.
Figure 4.1: Literature data about conformation of chitosan - a) Conformational plot for four
chitosan samples with different FA
78. Data indicate linear behavior of the plots and increasing stiffness
with increasing FA. b) Observations of Rinaudo et al.
86 also show linear plots with a similar slope but no
dependence of conformation on FA was found. c) Chen et al.
141 showed a non-linear plot for a chitosan
sample with decreasing slope with increasing molecular weight. d) Non-linear curves for four samples with
different FA
83. Slope dependency on FA was again not observed.
Early M-H plots were usually obtained by combining three steps. First, the polymer
samples are produced/extracted with a very low polydispersity. If this is not possible,
samples should be fractionated to yield almost monodisperse fractions. Second, the
molecular weights of the fractions were analysed using light scattering devices in batch
mode or coupled with a size exclusion chromatography. Third, the intrinsic viscosities
of the fractions were determined via an Ubbelhode viscometer in batch mode (because
capillary detectors for chromatography did not exist when early M-H plots were gen-
erated). In order to get a convincing M-H plot, all steps must be fulfilled successfully.
However, in several reports the quality, and especially the polydispersity of the samples
∗Hermann Francis Mark, (*3 May 1895 - †6 Apr. 1992), Austrian polymer chemist.
†Roelof Houwink, (*5 Nov. 1869 - †24 Jan. 1945), Dutch chemist.
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used, was not shown precisely enough or was not measured at all. Using samples with
high polydispersity and referring to one distinct [η] and M is somewhat questionable.
Interpretation of data (with less information of polymer polydispersity) in regard to
M-H parameters obtained by batch methods should be done carefully.
Improvement triple detection chromatography The aim of this study is to avoid ob-
stacles mentioned above and to improve the conformational analysis by using a triple
detection chromatography system. Within a triple detection chromatography, values
for M and [η] are determined constantly during a chromatographic run of one polydis-
perse sample. Using separation columns, molecular weights are retained on the column
depending on their hydrodynamic shape so that nearly monodisperse fractions enter
the detector cells of the light scattering detector and the viscometer successively. The
data obtained through this process allow a more reliable conformational analysis than
data obtained from polydisperse samples and batch methods. Furthermore, the number
of data points increases substantially, allowing a better comparison to theoretical data
for almost every single contour length L and an improved fitting of data through linear
regression.
M-H plots in the literature A few M-H plots of chitosan are reported in the literature
and are summarized in Fig.4.1. As mentioned before, data were recorded by the use of
batch methods, which explains why some plots include only five data points (Fig.4.1a).
This summary reflects how much contradiction can be found in reports about the con-
formation of chitosan. Wang et al.78 showed an increasing stiffness of chitosan with
increasing FA, while Rinaudo et al.86 found no effect on the conformation with a change
of FA. Both reports indicate a perfectly linear increase of [η] with increasing M. In con-
trast, Chen et al.141 and Berth et al.83 found non-linear behavior in their M-H plots.
A dependence of the slope on the FA was not found. The overall slope of the plots
changed from 0.5, which indicates a relatively compact structure, to 1.12 indicating a
stiff chain. The reason for such a non-linear trend was not shown conclusively, and the
role of FA within the conformational analysis still needs to be clarified.
4.2 Introduction to stiffness parameters
The persistence length Lp is a basic property quantifying the stiffness of a long polymer.
The average projection of the end-to-end vector on the tangent to the chain contour at
a chain end in the limit of infinite chain length. This means we take an angle between
a vector that is tangent to the polymer at position 0 and a tangent vector at a distance
L away from position 0 (Fig.4.2). It can be shown that the cosine of the angle behaves
in the following way:
〈cosα〉 = e
−L
Lp (4.2)
where Lp is the persistence length in an ensemble of molecules.
A convenient method for estimating Lp from the molar mass dependence of Rg is the
Odijk-Houwart model142,143. In the Odijk-Houwart model, the total persistence length
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Lp,T of worm-like polyelectrolyte chains is the sum of two contributions:
Lp,T = Lp,0 + Lp,e (4.3)
Lp,0 is the intrinsic persistence length corresponding to an equivalent neutral chain in
which all of the electrostatic interactions are screened out. The second one, Lp,e, is
the electrostatic contribution to the total persistence length due to the electrostatic
short-range interactions, which depend on the ionic strength.
Figure 4.2: Persistence length - Illustration
of the persistence length Lp. The polymeric chain
direction has a persistence, which causes resistance
against coiling. Persistence length is a thread be-
tween two points, in which the thread tangents
cover an angle α with cos α = 1/e.
In polymer science, persistence length
is one half of the Kuhn segment length
lK , the length of hypothetical seg-
ments that the chain can be consid-
ered as freely joined (Fig.4.3). A poly-
mer chain can be divided in N Kuhn
segments with varying Kuhn segment
length lK allowing a simple modeling of
these chains by random-walk and self-
avoiding walk algorithms, respectively.
Number and length of the Kuhn seg-
ments define the contour length L of the
chain:
L = N · lK (4.4)
In general, a flexible molecule shows low values for Lp and lK , respectively. A typical
random-coil polymer like polystyrene has a persistence length of about 1 nm, semi-stiff
molecules like DNA of about 40 nm while one of the stiffest molecules, schizophyllan,
shows a value of 195 nm144. Thus, a determination of these parameters allows an esti-
mation of the stiffness of the macromolecules and also a prediction of the conformation
in the investigated solvents.
4.3 Worm-like chain model: Rg-M data
Figure 4.3: Kuhn segment length - Illus-
tration of the Kuhn segment length lK . b is the
bond length between the monomers. The smaller
the Kuhn length, the more flexible the chain.
Flexible polymer chains are modeled by
theoretical approaches like the freely-
jointed chain, which assumes a random-
walk of the polymer chain. Although
this model describes polymer behav-
ior of random-coils well, it shows
deficits for semi-flexible polymers by
neglecting interaction potentials of the
monomers/functional groups and sim-
ulating flexibility only between discrete
segments. These deficits become prob-
lematic if a reliable prediction of the
behavior of semi-flexible polymers is
needed. The development of the worm-
like chain model WLC in the middle of
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the 20th century, bridged the gap between the theoretical forecast of random coil poly-
mers and rigid rods, and enabled a successful theoretical prediction of coiling behavior
of, e.g. DNA. The WLC is based on the Benoit-Doty145 theory for the Kratky-Porod
146 chain. Within this model, the behavior of the radius of gyration Rg depends only
on the Kuhn segment length lK for changing contour length L. According to the theory,
Rg of unperturbed polymer chains is given by
R2g =
lKL
6
− l
2
K
4
+
l3K
4L
·
[
1− lK
2L
· (1− e−2L/lK )
]
(4.5)
Thus, the Rg can be calculated for a fixed lK for increasing contour length. Further
calculations allow the expression of the molecular weight as weight-averaged contour
length LW .
LW =
MW
ML
(4.6)
ML is the molar mass per unit of contour length, which can be calculated as follows:
ML =
FA ·MGlNac + (1− FA) ·MGlN
b
(4.7)
where b is the average bond length between monomers.
Knowing the molecular weight and radii characteristics of a sample allows the estima-
tion of the stiffness parameter lK through adaptation of the theoretical curves with the
experiment. The Rg is calculated for different lK values, and the best agreement with
the experimental data gives lK for the polymer investigated.
4.4 Bohdanecky´ approach: [η]-M data
Since measurements of Rg require angular dependence of the scattered light, values can
only be determined at rather high molecular weights, especially for random coil poly-
mers. Therefore, polymer behavior below this threshold value cannot be compared to
the WLC model. Furthermore, the overlay of an experimental curve with a theoretical
curve becomes problematic if only one part of the curve is sufficiently reproduced while
the rest shows a strong deviation from the calculated one.
To avoid these problems and to simplify the calculation procedures, the approximation
of the worm-like chain model introduced by Bohdanecky´147 can be used. Here viscosity
data are used in combination with light scattering data, which allows a more convenient
and more accurate way to obtain the stiffness parameters.
According to the model, (M2/[η])1/3 is a linear function of M1/2
(
M2
[η]
)1/3
= Aη + BηM1/2 (4.8)
with intercept Aη
Aη = A0MLΦ
−1/3
0,∞ (4.9)
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and slope Bη
Bη = B0Φ
−1/3
0,∞
(
2Lp
ML
)−1/2
(4.10)
where Φ0,∞ is the limiting value of the Flory viscosity constant and A0 and B0 are
known functions of the reduced hydrodynamic diameter, respectively.
For a set of [η] and M data the linear Bohdanecky´ plot can be obtained. Fitting of the
curve through linear regression yields the slope, allowing a direct calculation of Lp. This
method is advantageous because viscosity values can be obtained with much less scatter
in the raw data in contrast to Rg values, and they do not rely on dn/dc values and
Rayleigh ratios used for light scattering devices. However, in order to use this approach
the molecular weight detection must be combined with a viscometer connected to the
chromatography in series or in batch mode.
4.5 Branching analysis
”...polysaccharides are often branched polymers; the degree and pattern of
branching, the lengths of the side chains, their composition itself in many
cases, are generally ill defined.” From Polysaccharides 2005134
These ”ill defined” branching properties come from the experimental challenges arising
in determination of these branches. The analysis of global structure in terms of the
branching density is based on the Zimm-Stockmayer148, Stockmayer-Fixman149, and
the Zimm-Kilb150 theories. They formulated equations to quantify the number of
branches in a polymer based on how it compares (especially Rg and [η]) to a linear
(non-branched) variant of the same polymer:
g =
(
R2g(branched)
R2g(linear)
)
(4.11)
g′ =
(
[η](branched)
[η](linear)
)
(4.12)
g′ = g	 (4.13)
However, some highly branched polymers do not exist as linear variants and a compar-
ison of experimental data is therefore not possible151.
Typically, combined measurements to determine Rg, M and [η] on the same set of
monodisperse polymer fractions with one branched and one linear sample are a delicate
thing, and thus only a few reports are published with a reliable branching calculation
of polymers.
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5Focus and outline of the present
study
5.1 Key questions
This thesis tackles two main elements of chitosan research, which are currently con-
sidered very controversial: conformational and pattern analysis of chitosan. It is not
a central aim of this thesis to study chitosan’s mode-of-action in organisms and its
functions therein. The major goal of this work is to investigate the basic understand-
ing of structure-property relationships of chitosan incorporating influences of process-
routines and impact on biological systems, respectively. The diverse possibilities of this
macromolecule to interact in solution (aggregation), and with organisms (anti-bacterial
effect), are driving forces for further physicochemical research and for the assessment
of drug pathways.
To accomplish this issue, two central topics were addressed:
• Establishment of optimal physicochemical characterization conditions using reli-
able methods (triple detection SEC) as a basis of a reliable conformational anal-
ysis using a pool of data ([η]-M, Rg-M data). This involves control of the process
parameters and purity control of samples.
• Establishment of a reliable method measuring the pattern of acetylation PA with
13C-NMR to determine the impact on molecular structure by use of heteroge-
neous/homogeneous deacetylation processes and on solubility.
5.2 Outline of the thesis
The main part of this thesis is divided into seven manuscripts, which have been pub-
lished, are under review, or have been submitted to peer-reviewed international scien-
tific journals and conference proceedings, respectively. The results arising from these
studies are presented and highlighted in the following. My contribution to these papers
is highlighted as well:
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Paper 1 This paper discusses the conformational freedom of the molecule in general
and its appearance in solid crystallites and in solutions in particular. A first
conformational analysis using [η]-M data is shown.
T-SAR guided Conformational Analysis of Chitosan M.X. Weinhold, J.C.M. Sauvageau, B. Tartsch,
P. Clarke, B. Jastorff, J. Tho¨ming Advances in Chitin Science, 10, 66-71 (2007)
Contribution to the paper The entire manuscript was written by me and all
experiments were performed by me.
Paper 2 A multi-dimensional analysis is proposed by use of physical, chemical and bi-
ological methods. The physicochemical characterization (including determination
of the pattern of acetylation) is combined with purity control (including deter-
mination of elements, protein, and inorganic matter) followed by further testing
of biological effects on two bacteria. Solubility behavior is discussed in detail as
well as the inhibiting effects on Escherichia coli and Vibrio fischeri.
Strategy to improve the characterization of chitosan for sustainable biomedical applications: SAR
guided multi-dimensional analysis M.X. Weinhold, J.C.M. Sauvageau, N. Keddig, M. Matzke, B.
Tartsch, Ingo Grunwald, Christian Ku¨bel, B. Jastorff, J. Tho¨ming Green Chemistry, 11, 498-509
(2009)
Contribution to the paper Coordination of the different types of analysis and
the whole physicochemical characterization (FA, MW , [η], PA, protein deter-
mination) were performed by me. Writing of the manuscript, except parts
of the method description and parts of the introduction, was done by me.
Paper 3 Within this paper, an improved method for determining the microstructure
of chitosan, called the pattern of acetylation PA, is shown. The influence of de-N -
acetylation as well as re-N -acetylation processes on PA is observed and compared
to studies from literature.
Studies on acetylation patterns of different chitosan preparations M.X. Weinhold, J.C.M. Sauvageau,
J. Kumirska, J. Tho¨ming Carbohydrate Polymers, 78, 678-684 (2009)
Contribution to the paper Parts of the NMR experiments, all characteriza-
tion experiments and evaluation of the NMR data, including curve fitting
and PA calculation, were performed by me. The entire manuscript was writ-
ten by me.
Paper 4 This is the second paper dealing with the pattern analysis. Herein the sen-
sitivity and the precision of the method, especially the standard deviation of
intra-day and inter-day repeats of the line fitting by three independent persons,
is assessed. It results in an estimation of the expected standard deviation of PA
for different FA values.
Determination of the pattern of acetylation of chitosan samples: comparison of evaluation methods
and some validation parameters, J. Kumirska, M.X. Weinhold, S. Steudte, J. Tho¨ming, K. Brzo-
zowski, P. Stepnowski, Int. J. of Biol. Macromol., 45, 56-60 (2009)
Contribution to the paper Parts of the intra-day and inter-day precision test,
all physicochemical characterization experiments and parts of the manuscript
were done by me.
Paper 5 Two different chitosan samples are analyzed according to their conforma-
tional behavior using [η]-M and Rg-M data. Results are compared to theoretical
approaches like the Benoit-Doty, Odjik-Houwart and the Bohdanecky´ model with
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subsequent determination of the stiffness parameter lK . Deviations from the lin-
ear chain behavior of one sample were observed after comparison to a sample with
complete ”semi-flexible” behavior.
On conformational analysis of chitosan M.X. Weinhold and J. Tho¨ming Carbohydrate Polymers, 84,
1237-1243 (2010)
Contribution to the paper The entire manuscript was written by me and all
experiments were performed by me.
Paper 6 Within this paper, conformation of chitosan is compared to the conformation
of hyaluronic acid, a biopolymer with a cellulose type backbone. Herein the same
methods are used for the determination of lK as mentioned previously for paper
5.
Comparison between the conformational behavior of chitosan and hyaluronic acid M.X. Weinhold
and J. Tho¨ming Advances in Chitin Science, 11, 523-528 (2009)
Contribution to the paper The entire manuscript was written by me and all
experiments were performed by me.
Paper 7 This paper deals with the solubility of chitin and chitosan in different types
of ionic liquids. The impact on solubility by variation of side-chain, headgroup
and anion is shown and discussed.
Dissolution of chitin/chitosan with ionic liquids M.X. Weinhold, J.C.M. Sauvageau, B. Jastorff and
J. Tho¨ming Carbohydrate Polymers, submitted (2011)
Contribution to the paper The entire manuscript was written by me and
parts of the solubility experiments were done by me.
5.3 Further publications
In the following all publications and contributions which were authored during the work
for this thesis - but not included in the thesis - are shown.
Permeation enhancer effect of chitosan and chitosan derivatives: Comparison of formulations as soluble
polymers and nanoparticulate systems on insulin absorption in Caco-2 cells A.M.M. Sadeghi, F.A.
Dorkoosh, M.R. Avadi, M. Weinhold, A. Bayat, F. Delie, R. Gurny, B. Larijani, M. Rafiee-Tehrani, H.E.
Junginger European Journal of Pharmaceutics and Biopharmaceutics, 70, 270-278 (2008)
Determination of the pattern of low-molecular-weight chitosan used in biomedical applications J. Kumirska,
M.X. Weinhold, J.C.M. Sauvageau, J. Tho¨ming, Z. Kaczynski, P. Stepnowski J. Pharm. Biomed. Anal.,
50, 587-590 (2009)
Chiqual - A Multi-dimensional Analysis for Quality Assessment of Chitosan N. Keddig, M.X. Weinhold,
J. Sauvageau, M. Matzke, S. Stolte, K. Heppe, B. Tartsch, P. Clarke, J. Tho¨ming, W. Heyser, B. Jastorff,
J. Warrelmann Advances in Chitin Science, 10, 61-65 (2007)
5.3.1 Talks and posters
Talk: Conformational and Branching Analysis of Chitosan M.X. Weinhold and J. Tho¨ming Session
P4-3, Tue. 12.00, 9th International Conference of the European Chitin Society (EUCHIS), 23-26th May,
Venice-Italy (2009)
Talk: T-SAR guided Conformational and Pattern Analysis of up to 40 different Chitosan Preparations M.X.
Weinhold, J. Sauvageau, K. Heppe, B. Tartsch, B. Jastorff, J. Tho¨ming Session 01-4, Sun. 11.45, 8th In-
ternational Conference of the European Chitin Society (EUCHIS), 9-12th September, Antalya-Turkey (2007)
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Poster: Concept for a T-SAR guided Multi-dimensional Analysis of Chitosan M.X. Weinhold, J.
Sauvageau, N. Keddig, S. Risse, U. Stoll, C. Kuhlmann, S. Stolte, M. Matzke, D. Waterkamp, B. Tartsch,
P. Clarke, J. Warrelmann, W. Heyser, B. Jastorff, J. Tho¨ming, 3. Statusseminar Chitin/Chitosan, 14th
June, Bu¨sum-Germany (2007)
Poster: Dissolution of chitin in ionic liquids S. Steudte, M.X. Weinhold, J.C.M. Sauvageau and J.
Tho¨ming Session PO3-9, Tue. 14.30, 9th International Conference of the European Chitin Society
(EUCHIS), 23-26th May, Venice-Italy (2009)
Poster: Determination the degree and the pattern of acetylation in thirteen commercial chitosan
preparations J. Kumirska, M.X. Weinhold, J.C.M. Sauvageau, J. Tho¨ming, Z. Kaczynski and P. Step-
knowski , 19th International Symposium on Pharmaceutical and Biomedical Analysis, Gdansk-Poland (2008)
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T-SAR guided conformational analysis of chitosan
Mirko X. Weinholda, Janelle C.M. Sauvageaua, Bernd Tartschb, Paul Clarkeb, Bernd
Jastorffa and J. Tho¨minga
aUFT - Center for Environmental Research and Sustainable Technology, Leobener Strasse UFT,
28359 Bremen, Germany
bViscotek Corporation, Houston, U.S.A.
The following paper was published in Advances in Chitin Science, 10, 66-71, (2007)
6.1 Introduction
Chitin and Chitosan are important biopolymers consisting of (1→4)-2-amino-2-deoxy-
β-D-glucan (GlcN) and ((1→4)-2-acetamido-2-deoxy-β-D-glucan (GlcNAc) units. Due
to their interesting properties they are used in waste-water treatment152, food indus-
try153, biomedicine154, agriculture155 as well as in pharmaceutical156 and cosmetics157.
Commercially available chitosan is typically a mixture of polymers with largely varying
physicochemical characteristics. Due to this heterogeneity it is a demanding challenge
to think in terms of structure-activity relationships (T-SAR). However, the analysis
of SAR allows a better understanding of the complex interactions taken place within
the polymer itself and between chitosan with other compounds and can therefore im-
prove its applicability. This systematic analysis is crucial for correlation of analytical
parameters. Starting point of our SAR analysis are the published different solid state
structures yielding fundamental structural information. From these parameters it is
possible to extract the conformational behavior of a given chitosan sample in the solid
state. Furthermore, a solid state based conformation of the macromolecule in solution
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can be suggested and was confirmed by our SEC3 results. A step towards an under-
standing of chitosans diverse behavior is to make use of the T-SAR guided test kit
concept158 and to identify test criterions by varying test parameters systematically. In
future, the application of T-SAR may enable the explanation of the correlation between
the physicochemical characteristics and the interaction effects of chitosan.
6.2 Material and methods
Material Chitosan (FA=0.02) from squid pen was obtained from EUTEC (Emden,
Germany). For the removal of insoluble matter this powdered chitosan preparation
was dissolved in 0.5 M acetic acid (10 g/L) for 24 h. The solution was centrifuged for
10 min (3350g) with an ultracentrifuge (Heraeus Instruments, Germany), the super-
natant was filtered through a 0.45 μm cellulose nitrate filter (Sartorius, Germany) and
consequently lyophilized.
Triple detection Size Exclusion Chromatography (SEC3) The biopolymer anal-
ysis was performed on a TDAmax SEC system (Viscotek, USA) with two serially
connected ViscoGEL columms (PWXL mixed bed 6-13 μm methacrylate particles,
7.8×300 mm). The detection was operated by a differential refractometer at λ=660 nm
and a right angle light scattering detector (RALS) with a 3mW He/Ne laser at λ=670 nm.
A dn/dc value of 0.163 was used. Intrinsic viscosities were measured on a four capillary,
differential Wheatstone bridge viscometer. A degassed 0.3 M HAc/0.3 M NaAc buffer
(pH=4) with 1 % ethylene glycol was used as eluent. To ensure a low light scattering
noise level the eluent was filtrated through a 0.2 μm filter. Chitosan samples dissolved
in the eluent at a concentration of 0.3-1 mg/mL were filtrated through a 0.45 μm filter
prior to analysis to remove aggregates. Injection volumina varied from 10 to 100 μL
and the flow rate was maintained at 0.7 ml/min.
6.3 Results and discussion
The intrinsic viscosity [η] measured in a specific solvent is related to the molecular
weight (MW ) by the Mark-Houwink equation.
[η] = K ·Ma (6.1)
The so-called Mark-Houwink constants (K) and (a) depend upon the type of polymer,
solvent and the temperature used during the viscosity measurement. The plot of the
log [η] vs. log MW usually gives a straight line with slope (a) and intercept log (K).
The slope (a) can vary from 0 to 2.0 and contains information about the polymer
conformation in solution (see Tab.6.1).
The Mark-Houwink plot for our conformational analysis was obtained from a broad
distributed chitosan sample (polydispersity 3.1) with molecular weight limits ranging
from 20 kDa to 1,600 kDa (Fig.6.1).
The plot revealed a line with strong curvature and decreasing slope for increasing
molecular weight. Small chitosan shows a greater slope (1.2-1) compared to medium
sized chitosan (0.95-0.75), the smallest slope was found for large sized chitosan (0.75-
0.4). This finding stays is contrast to previous reports from Rinaudo et al.86, Kasaai et
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Table 6.1: Variations in the Mark-Houwink constant (a) with changes in polymer conformation 140.
Mark-Houwink constant (a) Polymer conformation
0 sphere (e.g. protein, inorganic particles)
0.5 poor solvent (theta condition) for soft coiled polymer
(tightly coiled-compact)
0.65 - 0.85 good solvent for soft coiled polymer (coil is expanded)
>0.85 indicates molecular stiffness
1.8 rigid rod (e.g. DNA)
al.81, Wang et al.78 and Anthonsen et al.159 who observed only straight lines in their
conformational analysis. However, we must note that in these publications data points
are limited to maximum eight due to the very time consuming procedure of this analysis.
The accuracy of the following linear regression based only on few points is therefore
limited. To solve the problem of a low data point density and to improve data analysis
in this work we applied an online viscometer. Thus, a more reliable conformational
analysis for the observed data is enabled. First indications for non-linear behavior of
Mark-Houwink plots are described by Chen and Tsaih82 and Berth et al.83.
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Figure 6.1: Mark-Houwink plot - The slope
of the Mark-Houwink plot of the chitosan sample
(FA = 0.02) in 0.3 M HAc/NaAc buffer reveals
information about the conformation of the macro-
molecule as indicated by the Haug triangle160. Ap-
parently, the plot shows a clear curvature over the
whole MW range indicating a molecular-weight-
dependent conformational change. Smaller chi-
tosan shows a more wormlike and stiffer confor-
mation (1.2-1), medium-sized has a more flexible
chain (0.95-0.75) and large-sized chitosan shows a
more random coiled or compact structure (0.75-
0.4).
Chen and Tsaih found breakpoints in
the Mark-Houwink plot at 223 kDa
and higher in dependence of the ionic
strength (0 to 6 M urea) while Berth
et al. found slightly curved lines with
a decrease of (a) in the high molec-
ular weight domain. Although first
signs of a non-linear behavior were
found, the few data points were still
insufficient to get to reliable confor-
mational analysis. Our analysis re-
vealed that the conformation of chi-
tosan does not turn stepwise or at a
certain point, it is rather a continu-
ous change over the whole molecular
weight range. Apparently, a contin-
uous molecular weight-induced confor-
mational transition could be observed
for the almost deacetylated chitosan
(FA=0.02). This means that large
sized chitosan provides a more random-
coiled/spherical structure while smaller
chitosan possesses a stiffer chain and
appears more worm-like (according to
Tab.6.1).
6.3.1 Crystal structures
Solid chitosan exhibits an extended two-fold helical structure stabilized by strong intra-
and intermolecular hydrogen-bonds (Fig.11.1a and c). In this form the amino-group is
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uncharged and no interactions with charges are present in the molecule. If the amino
group is protonated in acidic media it looses its hydrogen-bond acceptor potential and
creates a positive charge simultaneously.
This loss of H-bond forming ability and the additional potential for anion interactions
of this charged group leads to a change in the helical conformation in the solid state
(see Fig.11.1b and d). The newly formed interactions with anions weaken the O3–O5
hydrogen-bond at the glycosidic linkage of the hydrated chitosan. Because of this, an
extended 2/1-helical conformation, which is strengthened by that hydrogen bond, is
distorted, and consequently the relaxed 2/1-helical conformation is adopted. Although
the chain distorts, this conformational change is still restricted due to the properties
of the glycosidic bonds (β-1,4 linkage) as mentioned before. Both crystal structures
could only be prepared for small chitosan (MV < 11 kDa161). High molecular weight
chitosan usually has an amorphous character and shows no ordering.
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Figure 6.2: Crystal structures - Models of the crystal structure (Type I) of a complete deacetylated
chitosan oligomer (a and c161) and crystal structure (Type II) of a chitosan*HCl oligomer (b and d162).
The first model shows a extended two-fold helix stabilized by strong hydrogen bonds (intra O3–O5, O3–O6,
inter N2–O6) similar to other β-1,4 polysaccharides like cellulose and chitin. After incorporating chloride,
fluoride, nitrate and some organic acid anions the helical structure changes from the extended 2/1 helix to
a relaxed 2/1 helix and the ionic interactions weaken all intra- and intermolecular hydrogen bonds leading
to a twist of the chain along the c-axis (d).
6.3.2 Chitosan in solution
Considering chitosan macromolecules in solution a change in conformation becomes
possible due to solvent/salt/molecule interactions. However, not many solvent are able
to dissolve chitosan and there are good as well as poor solvents known. Especially hy-
drophobic/hydrophilic as far as H-bond-breaking abilities are discussed to have a major
impact on the solubility. In a good solvent (Mark-Houwink constant (a) becomes 0.65
to 0.85), the polymer appears swollen and occupies a large volume. For this case, inter-
molecular interactions between solvent and molecule predominate the intramolecular
forces (H-bonds). Hence, the solvent needs to have hydrogen-bond-breaking ability in
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order to disrupt the strong hydrogen-bond network.
If the solvent does not provide this potential a domination of the intramolecular forces
is present and the chain contracts. In other words, chitosan contracts to a more com-
pact structure and finally precipitates. Nevertheless, solubility is a complex topic and
can not only be reduced to hydrogen-bond-braking interactions but also ionic and hy-
drophobic as well as entropic effects have to be taken into account.
In the so called theta condition (Mark-Houwink constant (a) becomes 0.5), the in-
termolecular polymer-solvent repulsion balances exactly the intramolecular monomer-
monomer attraction. Under the theta condition a soft coiled polymer behaves like a
tightly coiled-compact structure.
In solution (0.3 M HAc/NaAc) we suggest that two of the main structure influencing in-
teractions are neglectable. The repulsions of the protonated amino groups are shielded
by anion spheres in high ionic strength solutions. In this case the chain distorts and a
relaxed 2/1 helix is formed. Additionally the H-bond breaking potential of the acetate
anion leads to stronger solvent-molecule interactions as compared to the intermolec-
ular chitosan chain interactions. This is demonstrated by a Mark-Houwink constant
(a) bigger than 0.5 (Fig.6.1). Thus, conformation in high ionic strength solutions de-
pends mainly on the restricted distortion of the chain with only limited rotation of the
glucopyranoserings within the chain due to the presence of β-1,4-glycosidic bonds. Al-
though this semi-flexible chain is limited in its free movement it is still able to slightly
bend thus forming a ”chitosan random coil”. The longer the chain the more expressed
is the possibility to coil. Consequently this leads to a continuous decrease in viscosity
or in other words to a continuous decrease in the Mark-Houwink constant (a).
In short, the higher the molecular weight of a chitosan preparation or of the chitosan
subpopulation within a broad molecular weight ranged preparation, the higher is the
bending of the chain leading to a molecular weight-induced conformational transition
from a worm-like to a more compact structure.
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sustainable biomedical applications: SAR guided multi-
dimensional analysis
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The following paper was published in Green Chemistry, 11, 498-509, (2009)
Abstract: The biopolymer chitosan has shown a great potential for a tremendous
number of applications despite the fact that typical chitosan preparations are always
mixtures of different chemical entities, natural impurities and process-induced impuri-
ties. However, chitosan preparations described in the literature or offered on the mar-
ket are analytically highly undefined. Here we propose a T-SAR (thinking in terms of
structure-activity-relationships) guided multi-dimensional analysis of distinct chitosan
preparations with the aim a) to obtain the information needed for the production of
reproducible chitosan preparations and b) to predict biological effects and technologi-
cal properties of certain chitosan preparations. First, a physicochemically description
(molecular weight (MW ), polydispersity (MW /MN ), fraction of acetylation (FA), pat-
tern of acetylation (PA), hydrodynamic radius (Rh), intrinsic viscosity ([η])) of six se-
lected samples was done. Furthermore chitosans properties like solubility, crystallinity,
conformation (Mark-Houwink-plot) and impurities of all the chitosan preparations from
different origins are determined as well as biological effects were analyzed using test
53
54 7. PUBLICATION NO. 2 MULTI-DIMENSIONAL ANALYSIS
systems with two different bacteria (Escherichia coli, Vibrio fischeri). It was found
that presence of HCl enabled the water solubility of chitosan, while chloride-free chi-
tosan was only soluble in acetic acid. The pattern of acetylation PA showed no impact
on this behavior. The analyzed biological effects revealed growth inhibition within 30
minutes for E.coli and a decreased bioluminescence for V. fisheri (IC50 = 0.035 w%).
Thus, the strategy to check biological effects within a multi-dimensional analysis kit
proved to be effective for detecting general structure-property-relationships of chitosan
in relation to its biological effects.
7.1 Introduction
Chitin and Chitosan are important biopolymers consisting of(1→4)-2-amino-2-deoxy-
β-D-glucan (GlcN) and (1→4)-2-acetamido-2-deoxy-β-D-glucan (GlcNAc) units. Due
to their interesting properties they are taking center stage for many different appli-
cations e.g. waste water treatment152 (coagulant, heavy-metal binding112, protein
binding), food industry (diet substance153, cholesterol reducer163) biomedical (gene
delivery164, medical dressing34, artificial tissue/skin165, prothesis coating166), agricul-
ture167(animal food additive168, seed/leaf coating169), pharmaceutical (anti-adhesive
170, drug delivery171, wound-healing172) and cosmetic uses (gelation agent, plaque in-
hibition157, moisturizers173, stabilizers173).
For any of these applications sustainable materials are required. In the light of chapter
19 of Agenda 21174 the following principles of green chemistry175 are of main relevance:
”Chemical products should be designed to preserve efficacy of function while reducing
toxicity”(4th principle).
”A raw material or feedstock should be renewable rather than depleting whenever tech-
nically and economically practicable” (7th principle).
”Chemical products should be designed so that at the end of their function they break-
down into innocuous degradation products and do not persist in the environment”
(10th principle).
Chitosan has the potential to substitute conventional materials in many applications
mentioned above. Typical synthetic materials, which are usually applied, may be toxic,
not renewable and with unknown degradation pathway possibly resulting in (eco)toxic
metabolites. In a consequence the possibility of these negative impacts demands for
time and money consuming tests to ensure the safety of synthetic materials for a broad
application. In contrast, application of chitosan, known as non-toxic biopolymer, can
avoid these problems. As a renewable resource it has furthermore outstanding proper-
ties such as biocompatibility176,177 as well as biodegradability178. Nevertheless it has
to be considered that those properties only account for pure chitosan. It is well known
that chitosan processed from chitin may contain heavy metals, protein residues as well
as acid/alkali residues. Those impurities of the polymer, caused by the production
process and the source of the preparation, can have an impact on man and the envi-
ronment and have to be considered within the hazard assessment. In general chitosan
preparations are obtained from natural chitin sources as for example (crab shells, squid
pen, fungi) by an alkaline deacetylation which leads to varying chitosan preparations
depending on process parameters. These preparations consist of a mixture of different
chitosan entities with different molecular weight and different fraction of acetylation,
which can limit some specific application. In contrast to this fact chitosan preparations
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described in the literature or offered on the market are analytically highly undefined.
Mostly only few parameters of the set of possible analytical data characterizing a type
of a chitosan preparation are given. For most of the commercial chitosan preparations
parameters like weight-averaged molecular weight MW , polydispersity MW /MN , frac-
tion of acetylation FA, pattern of acetylation PA and impurity content (protein, heavy
metal) are usually not known. To make chitosan preparations sustainable, especially
for pharmaceutical applications, it becomes inevitably to obtain a reproducibility of
product batches and this requires a reliable characterization of chitosan. Even if this
analysis, facing a broad variety of characteristics, remains highly challenging it is in-
dispensable for the above demanded quality standards as well as for a sound hazard
assessment to analyze the risks for man and the environment.
Historically chitosan production is not accompanied by a detailed product analysis.
Therefore scientists and applicants barely find well defined products on the market.
Typically the obtained products are used as received. As a consequence scientific re-
sults are difficult to compare and structure-activity or structure property-relationships
can hardly be analyzed. To overcome this deficiency we propose the following procedure
to improve the output of chitosan related scientific tests. First, a multi-dimensional
experimental investigation is performed that is based on a theoretical analysis of chem-
ical and physical structure variety of chitosan. The analysis allows to fully describe
the sample mixture that depends strongly on origin of the raw precursor chitin and
its preparation. Second, the given material is analyzed theoretically to allow for an
identification of the variety of chitosan entities which can be all part of one single
preparation. Third, drawn conclusions after combination of these steps are used to
modify and improve existing production processes (if possible), interpret the effects
on biological systems and yield in strategies to get more defined products for detailed
scientific tests in the future.
Throughout this work we use the nomenclature proposed by the European Chitin Soci-
ety (EUCHIS)179. Chitin and chitosan will be classified on the basis of their solubility
and insolubility in 0.1 M acetic acid. Insoluble material is named chitin, soluble mate-
rial is defined as chitosan. The different types of acetylation will be expressed as the
mole fraction of acetylation FA. It is given in brackets after every distinct chitosan
preparation e.g. a 10 % acetylated chitosan A will be written as Chi A [0.1].
Theoretical analysis: T-SAR based analysis of distinct chitosan entities A
powerful tool for the understanding of properties and effects of chemicals is the ap-
proach of T-SAR (thinking in terms of structure-activity-relationships). However, T-
SAR usually deals with distinct chemical entities which can be described by one or
more chemical structural formulas. In contrast, T-SAR used on polymeric chitosan has
to deal always with mixtures of different chitosan entities. These entities can differ
with respect to their chain-length, the degree of branching, fraction of acetylation (FA)
and pattern of acetylation (PA). Fig. 7.1a-f shows different types of chemical entities
which all can be part of a distinct chitosan preparation.
According to the systematic algorithm182 to be used in T-SAR to determine physical
and chemical properties of a distinct chemical entity the different structural elements
of chitosan entities will be theoretical analyzed now.
Completely acetylated chitin [1.0] consist of only one monomer (acetylglucosamine)
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Figure 7.1: Structural diversity of chitosan - Chemical structure of polymers chitin [1.0](a) and
chitosan [0.0](b). Both polymers are partially acetylated and appear as copolymers (c) characterized by
an average fraction of acetylation FA. As sugar derivative chitin and chitosan possess a reducing end
group function (aldehyde) (d). The amino group function of a deacetylated glucosamine unit shows a
pH-dependant functionality (e). Chitin and chitosan can be distinguished by their pattern of acetylation
PA even at identical FA (f). Chitin and chitosan are connected via 1→4 β-glycosidic linkages which
leads to a stiffer chain in comparison to 1→4 α-linked sugars (g). As a macromolecule, chitosan has a
primary, secondary, tertiary and a quartary structure (h-k). The sequence of acetylated and deacetylated
units determines the primary structure (h). The secondary structure depends on the presence of water,
ions (acid) and the inter- and intramolecular hydrogen network (according to Okuyama et al. 180)(i).
A temperature dependent tertiary structure of chitosan was theoretically calculated181. At 310 K the
extended structure changes to a more stable hairpin structure (j). A TEM image of a quartary structure
of chitosan is shown in (k), which is better known as aggregate.
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(Fig.7.1a). Its structure is comparable with murein and cellulose, which are main
structural polymers creating the cell walls of bacteria (murein) and plants (cellulose).
Natural chitin chains consist of several thousands monomers associated to one another
by very strong hydrogen-bonding between the amide nitrogen and the amide carbonyl
groups of adjacent chains. For deacetylation of the amino group function (chitin) rela-
tively strong reactants (concentrated alkali solutions) have to be applied to remove this
less reactive group. If, for instance, all chitin monomers are deacetylated this will yield
to ”ideal” chitosan [0.0], which consists of only glucosamine units (Fig.7.1b). Actually
chitin and chitosan are both copolymers varying in chain length and FA (Fig.7.1c).
Every chitin/chitosan chain possesses a reducing end group (aldehyde function) which
is a typical characteristic for sugars (Fig.7.1d). The ability of chitosan to dissolve in
aqueous media is mainly derived from the protonation of the primary amino group
function (Fig.7.1e). Occurring charges are one of the main factors for the dissolution
process. However, this is constrained by the pKa of this group (pKa ≈ 6 to 6.5). At
alkaline conditions the charge inducing protonation disappears which leads to precipi-
tation. Chitin, in contrast, has only a low percentage of free primary amino groups and
is therefore not able to establish enough charges for a dissolution in aqueous media. In
order to transform chitin into chitosan or vice versa an deacetylation or acetylation-
process is necessary. Theoretically, this process can lead to different patterns of the
remaining acetyl groups at the polymeric chain (Fig.7.1f). For the same FA acetyl
groups can possess a well ordered pattern (e.g. deacetylated (D) and acetylated (A)
units alternate), a random pattern (e.g. D and A are randomly distributed along the
chain) or a blockwise pattern (e.g. all A units can be found in one or more blocks on
the chain) is possible. The monomers in chitin and chitosan are connected via (1→4)
β-glycosidic linkages (Fig.7.1g). This β-linkage restricts strongly the chain-mobility in
solution. The polymer chain is constrained in its flexibility and therefore chitosan pos-
sesses a relatively stiff chain resulting in huge intrinsic viscosity values in comparison
to α-linked polysaccharides (e.g. amylose Fig.7.1g).
Being macromolecules the appearance of chitin and chitosan can be classified as pri-
mary, secondary, tertiary and quartary structures. The primary structure of chitin
and chitosan depends only on the two variable monomers: acetylglucosamine and glu-
cosamine (Fig.7.1h). The sequence of these monomers will vary with respect to FA
and PA. Different secondary structures (Fig.7.1i) of solid chitosan crystallites were
found by X-ray diffraction (XRD) and differing helical arrangement was revealed in
the presence of different anions183. Chitosan shows an extended 2/1 helical structure,
similar to chitin and cellulose. However, after crystallizing chitosan oligomer salts in
the presence of different anions (e.g. nitrate, sulfate, chloride) the chain distorts and
adopts a relaxed 2/1 helix (Fig.7.1i right). This structure is believed to be similar to
the structure appearing after dissolution. An calculated tertiary structure was found
by Sakajiri et al.181(Fig.7.1j). At higher temperatures (T≥ 310K) the extended 2/1
structure changes to a hairpin structure which is still stable even though the sample
was cooled down again. The association to an ensemble of many polymers (quartary
structure) is forced by intermolecular interactions (Fig.7.1k). Here a TEM photograph
of a large chitosan aggregate is shown (Fig.7.1k).
Every chitosan preparation shows several of this fundamental properties. Some of them
can influence the experimental analysis (solubility, aggregation, polymeric character)
and are important to interpret the experimental data in the right way. Other param-
eters (fraction of acetylation FA, pattern of acetylation PA, molecular weight MW )
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may influence the effects on organisms more strongly and need to be analyzed before
a detailed conclusion can be drawn. Within our approach we correlate physical and
chemical properties of six selected chitosan preparations with its effects on two bio-
logical test systems. This correlation represents a starting point for a more detailed
investigation about the impact of chitosan entities on organisms. Hence, we want to
focus on the necessity of a combined theoretical and experimental analysis representing
the basis for an improved insight in structure-property and structure-activity relation-
ships of chitosan.
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Figure 7.2: 1H-NMR of chitosan for FA
determination - 1H-NMR spectrum of Chi D
(80◦C). The signals show a chemical shift for a
change in the acetylation at the amino group. The
H1 of the deacetylated unit (H1,D) appears at 4.9
ppm while H1 in the acetylated glucosamin unit
(H1,A) shows a shift to 4.6 ppm. Signals from H2
to H6 (H2-H6,A), (H3-H6,D) overlap between 3.5
and 4.1 ppm, however, H2 of the deacetylated unit
(H2,D) can be found well separated at 3.2 ppm.
Finally the acetyl protons (Ac) cause a signal at
2.1 ppm.
Material Chitosan C [0.06] and D
[0.13] were purchased from Chipro
(Bremen, Germany), chitosan H [0.02]
was received from EUTEC (Emden,
Germany), chitosan P [0.03] from
Sigma Aldrich (Germany) and chitosan
AF [0.09] and AQ [0.11] from Heppe-
Medical-Chitosan HMC (Halle, Ger-
many). Sodium chloride, sodium ac-
etate, ethanol, acetic acid anhydride,
phosphoric acid (85 %), ethylene gly-
col and acetic acid were obtained from
Fluka (Germany). Ammonia (25 %)
was purchased from Merck KGaA (Ger-
many) and bovine serum albumin [E.C.
9048-46-8] from Sigma Aldrich (Ger-
many). Coomassie Brilliant Blue G-250
was purchased from Servia Biochem-
ica (Heidelberg, Germany). All used
reagents used were of analytical grade.
Purification of chitosan Received
chitosan preparations did sometimes
contain a few percentage of insoluble
matter. To get rid of this impurity in-
soluble matter was removed the following way. Chitosan powder was dissolved in 0.5 M
acetic acid (10 g/L) for 24 h. The clear solution was centrifuged for an 10 min (3,577
g) with an ultracentrifuge (Heraeus Instruments, Germany) and the supernatant was
filtered through a 0.45 μm cellulose nitrate filter (Sartorius, Germany). The final prod-
ucts were then lyophilized.
Determination of the FA The FA was determined by 1H-NMR spectroscopy as re-
ported in the past by several working groups. Figure 7.2 shows the 1H-NMR of a
chitosan sample with assignments according to V˚arum et al.126. Chitosan samples
were dissolved in D2O/DCl and the NMR-spectra were recorded on a Bruker AVANCE
WB-360 (8.4 Tesla) spectrometer. The FA values were received by integration of the
signals and subsequent calculation. For signal integration two methods were used. The
integration method proposed by Hirai et al.125 was crosschecked with the method of
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V˚arum et al.126. After crosschecking both methods the deviation for the FA values did
not exceed the method inherent deviations of 2 % (data not shown). For further FA
determination the more convenient method (measurements at room temperature are
possible) according to Hirai et al. was chosen.
FA =
(13 · (Ac))
(16 · (H2 . . . H6, A/D))
(7.1)
Determination of the PA Chitosan as a copolymer can be characterized by differ-
ent sequences of the monomers along the chain. The possible patterns chitosan can
adopt are alternating, random or block distribution. 13C-NMR data was compared
with sequences based on random statistics (Bernoullian model for trial propagation
184,185). Fitted 13C-NMR data of degraded samples were used to determine the area
of the diad frequencies (FAD, FDD, FAA and FDA) as shown by V˚arum et al.126. The
signal intensities were compared with a random Bernoullian statistic using the following
equation:
PA =
FAD
(2 · FAA) + FAD +
FAD
(2 · FDD) + FAD (7.2)
Resulting pattern of acetylation PA values of 0 refers to a completely blockwise, 1 to a
completely random and 2 to a completely alternating distribution. The fact that the
diad intensities are obtained by a peak fitting procedure and that signal to noise ratio
in 13C-NMR is rather high we set the standard deviation to 10 % for this value.
Triple detection size exclusion chromatography (SEC3) The biopolymer analy-
sis was performed with a triple detection size exclusion chromatography system (SEC3,
Viscotek, USA) consisting of a online two channel degasser, a high pressure pump, an
autosampler (all parts integrated in the GPCmax, Viscotek, USA), a 0.5 μm stainless
steel in-line filter with a nylon membrane, two serially connected ViscoGEL columms
(PWXL mixed bed 6-13 μm methacrylate particles, 7.8×300 mm), a temperature con-
trolled triple detector array (TDAmax 305, Viscotek, USA) with a differential re-
fractometer at λ=660 nm (RID 3580), a right angle (90◦) light scattering detector
(RALS) with a semiconductor laser diode at λ=670 nm and a four capillary, differen-
tial Wheatstone bridge viscometer. The SEC conditions were as follows: a degassed
0.3 M CH3COOH/0.3 M CH3COONa buffer (pH=4.5) with 1 % ethylene glycol was
used as eluent, the sample concentration was 0.3-1 mg/mL and samples were dissolved
for 24 h under shaking, injection volumina varied from 10 to 100 μL, flow rate was
maintained at 0.7 mL/min, and the column and detector temperature were kept at
30◦C. Before injection, the sample solutions were filtered through a 0.45 μm cellulose
nitrate disposable membrane (Sartorius, Germany). To ensure a low light scattering
noise level the eluent was filtrated through a 16-40 μm glass filter. A polyethyleneoxid
standard (MW = 22,411, [η] = 0.384 dL/g, MW /MN = 1.03) was used to normalize
the viscometer and the light scattering detector. Data acquisition and processing were
carried out by use of OmniSEC 4.1 software (Viscotek Corporation)186. A dn/dc of
0.163 was used for the Mw calculation86 (for more information the reader is referred to
as the electronic supplement). The combination of online viscometer and light scatter-
ing detector provides essential information on the hydrodynamic size Rh of polymers
in solution after employing Einsteins viscosity equation:
[η] ·Mw =
10
3 · π ·R3h
NA
(7.3)
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X-ray diffraction For powder diffraction a multi purpose diffractometer was used
X’PERT PRO MPD from PANalytical (Almelo, Netherlands). The used measuring
procedure was a focussing reflexion technique (Bragg-Brentano-geometry). Spectra
were recorded with Cu Kα radiation. A nickel filter, a fixed divergency-aperture 0.25 ◦
and 10 mm broad mask were used in front of the sample. The sample shape was round
with 16 mm diameter. Behind the sample a secondary graphite monochromator and
a X’Celerator multi-channel-detector from PANalytical (Almelo, Netherlands) were lo-
cated. The starting value for the diffraction angle was 3 ◦ 2θ and the end value was
65◦ 2θ (no signals could be detected after 65◦). The step width (integration area) was
0.0167113◦ 2θ. The measurement time was 283 sec per grade in a continuous mode.
Received crystallographic data were viewed and analyzed with brass 2.0187.
Protein assay Proteins were determined by the dye-binding assay of Bradford188.
The dye concentrate was prepared from Coomassie Brilliant Blue G-250 by dissolving
30 mg in 255 mL water, 15 mL ethanol (99 %) and 30 mL phosphoric acid (85 %). For
the micro-plate assay, 20 μg of chitosan solution (10 mg/mL) in 0.5 M HAc was pip-
petted in micro-plate wells together with 20 μg bovine serum albumin (BSA) standard
solutions (2 mg/mL to 2.5 μg/mL). Fresh prepared dye reagent (80 μg) was added,
and the mixture was vigorously shaken immediately. After incubating for 10 min in
darkness at room temperature, samples were readout against appropriate solvent-dye
blanks at 570 nm. Spectra were evaluated by means of a recording micro-plate reader
(Wallac 1420).
Electron microscopy The transmission electron microscopy (TEM) was performed
using a FEI Tecnai F20 STwin at 200 kV in BF-TEM mode offering a point resolution
of 0.24 nm. Escherichia coli K12 (DSM 30083) solutions were used for the microscopy
experiments. Bacteria cultures were grown in buffered LB media (yeast extract 0.5 %,
tryptone 1 %, NaCl 1 %, pH 5.5) over night at 37 ◦C. 1 mL of this cell suspension
was added to 30 mL autoclaved LB media and incubated for 2.5 h. Furthermore, au-
toclaved Chi D [0.13] dissolved in LB media was added with a final concentration of
1 w%. After 30 min, 3 h and 21 h 1 mL samples were taken. The bacteria cells were
conveyed into 4 % paraformaldehyde. Additionally they were dehydrated, embedded
in SPURRs resin stained with heavy metal (uranyl and lead) before analysis.
Moisture determination The moisture content of the samples was determined with
a thermogravimetric moisture analyzer MA 45 (Sartorius, Germany). 0.2 up to 0.5 g
per sample were used and dried with infrared radiation (5 min, 80 ◦C) until the weight
was stable. The moisture content was calculated from the loss of weight during this
treatment and the standard deviation was not higher than 0.5 % for the values thus
obtained.
ICP-MS analysis The analyses were carried out by inductively coupled plasma-mass
spectrometry (ICP-MS) using a 266 nm frequency-quadrupled Nd:YAG laser (Finnigan
UV LaserProbe) coupled to a ThermoFinnigan Element2. Instrument tuning was re-
peated daily using a 1 ppb multi-element-solution to obtain a highly stable signal, good
peak shape and optimum resolution. Sample flow rate was maintained at 100-200 μL
min−1. Sample preparation was done in a clean room by microwave assisted decom-
position in closed vessels. Used ultrapure grade water was prepared by a MilliQ-water
system (more than 18MΩ cm−1). Ultrapure grade nitric acid was prepared by double
distillation with a Cupola Distillation Device from PicoTrace (Bovenden, Germany).
Samples were merged with 10 mL HNO3 (65 %) and heated 15 minutes to 200◦C in
the microwave and finally kept for 15 minutes. After the treatment samples were evap-
orated to dryness. Residues were solved in diluted nitric acid (2 mL HNO3 + 8 mL
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ultrapure Water) again through microwave-heating. The final solutions were replen-
ished to 25 g with ultrapure water. All sample solutions were stored in acid-cleaned PP
vessels. Used stock standard solutions of the measured elements were obtained from
Merck (Darmstadt, Germany) and Alfa Aesar (Karlsruhe, Germany).
Chloride determination Chloride content was measured with a dye producing kit
(LCK311, Dr. Lange). 1 mL of the chitosan solution (1 mg/mL in 0.5 M HAc)
was added to the test tube and shaken. Existing chloride reacted quantitatively with
Hg(SCN)2 to insoluble HgCl2, whereas the emerging thiocyanate ions reacted with iron
ions to the red Fe(SCN)3 compound. After 3 min the arising dye was detected with
a CADAS200 UV-VIS spectrometer (Dr. Lange, Germany) at 468 nm. The chloride
content could be determined by the linear relationship to the absorbance.
Luminescent bacteria acute toxicity test The toxicity tests with the luminescent
bacterium V. fischeri were conducted using the test kit LCK 482 from Dr. Lange GmbH
(Du¨sseldorf, Germany). The 30 min standard bioluminescence inhibition assay was car-
ried out according to a modified DIN EN ISO 11348-2 test protocol. Stock solutions of
all samples were prepared (pH 7.0, including 2 % NaCl). The pH values were checked,
because the pH tolerance of V. fischeri covers a range from 6-8. Deviations from this
range can lead to a pH related luminescence inhibition. All concentrated stock solutions
were prepared in deionised water at least 12 hours before testing and stirred thoroughly.
To cover a broad range of concentrations and to get complete concentration response
curves we used dilution steps from 0.5 to 0.01 w%. The complete assay (including the
preparation of the bacteria as well as the dilution of the test samples) was performed
at 15◦C using thermostats (LUMIStherm, Dr. Lange GmbH, Du¨sseldorf, Germany).
The test kit contained liquid-dried bacteria which were rehydrated according to the test
protocol with the corresponding reactivation solution for 15 min. In a next step 500 μL
aliquots of this bacteria suspension were preincubated again for 15 min at 15◦C. After
measuring the initial luminescence with a luminometer (LUMIStox 300, Dr. Lange
GmbH, Du¨sseldorf, Germany), 500 μL of the diluted samples were added to each 500
μL aliquot of the bacterial suspension. After an incubation period of 30 min at 15◦C the
final bioluminescence was measured. The relative toxicity of the samples was expressed
as percentage inhibition compared to a nontoxic control (bacterial suspension with 2 %
NaCl solution). Positive controls (7.5 % NaCl solutions) were measured within every
assay to ensure a constant quality of the test data. Tests were carried out at least twice.
7.3 Results and Discussion
7.3.1 Physicochemical characterization of chitosan preparations
First, the different chitosan preparations were analyzed to receive information about
their physicochemical characteristics (Tab.8.1). Six samples were selected to represent
the variety of chitosan preparations and were divided into two subgroups. The first
three (Tab.8.1) had a comparable FA of about 0.05 but with different MW . The MW
increased from 170 kg/mol (Chi C) to 310 (Chi P). The second group had a FA of about
0.10 and molecular weights from 151 (Chi AF) to 611 (Chi AQ) (Tab.8.1). Not only
chitosan made from crab chitin (α-chitin) was used but also chitosan from squid pen
(β-chitin) was investigated (Chi H). As expected, different commercial samples showed
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a big variety in MW ranging from 151 kg/mol to 611 kg/mol. Rephrasing this descrip-
tion, the degree of polymerization (DP) of several hundreds (acetyl)-glucosamine units
(Chi C) increases to several thousand (Chi AQ). We must note that all samples showed
a rather broad molecular weight distribution (MW /MN ) of more than 2.2 (Tab.8.1).
Hence, in the smallest preparation one can also find molecules with DP of up to 100
while the largest preparation includes DP of up to 7,000.
Table 7.1: Physico-chemical parameters of different chitosan preparations. MW - weight averaged
molecular weight, MN - number averaged molecular weight, MW /MN - polydispersity, [η] - intrinsic
viscosity, Rh - hydrodynamic radius, DPW - degree of polymerization, FA - fraction of acetylation, PA -
pattern of acetylation
Chitosan Origin MW MN MW/MN [η] Rh DPW FA PA
preparation [kg/mol] [kg/mol] [ml/g] [nm]
Chitosan C crab 170±2.3% 53 3.2 314 18.2 1018 0.06 0.81
Chitosan H squid 286±8.3% 88 3.3 510 25.8 1723 0.02 0.57
Chitosan P crab 310±0.9% 131 2.4 670 29.8 1879 0.03 0.78
Chitosan AF crab 151±2.0% 56 2.7 334 18.3 935 0.09 0.60
Chitosan D crab 159±3.3% 54 2.9 358 18.9 922 0.13 0.96
Chitosan AQ crab 611±6.6% 288 2.2 1214 46.4 3546 0.11 0.87
The results for the pattern analysis PA showed slight differences between different chi-
tosan preparations. All values are found to be between 0.5 and 1, which indicates a
random-dominated pattern of the acetyl groups. The lowest value of 0.57 ± 0.1 was
found for preparation H, which is considered as random-dominated pattern but with
increasing block character. Only when the value drops below 0.5 one can consider the
pattern as block-dominated. A completely blockwise pattern is present if the value
becomes zero. Although all chitosan preparation are made from different sources of
chitin, no significant impact on the PA could be found. It seems unimportant for the
PA whether the chitin crystalllites are present as α- or β-chitin in the heterogeneous
production process. Furthermore production processes accompanied by more or less
hydrolysis yield in a random pattern product. That means for deacetylation routes,
which yield to target FA values of 0.13 or lower, the pattern seems to adopt a random-
dominated pattern. However, we studied only samples with FA values lower than 0.13.
For a clear general prediction also high acetylated chitosan preparations need to be
measured in the future.
Investigated samples were all produced by means of the heterogeneous deacetylation
using solid chitin particles in strong hot alkali solutions. Alternatively, it is also possible
to dissolve chitin in NaOH solution under certain conditions followed by subsequent
heating for ambient time. This different route is known as the homogeneous deacetyla-
tion. On the one hand our results stay in contrast to findings of Kurita and coworkers
189, who claimed that chitosan prepared by a heterogenous deacetylation should give
block-type copolymers while the homogeneous process should yield to random-type
copolymers. On the other hand we confirmed observations done by V˚arum as well as
Sashiwa and coworkers126,190,191. They found also only random pattern polymers for a
limited pool of heterogeneously and homogenously produced samples. In the past, dif-
ferent patterns were often used to explain water solubility and swelling behavior even if
62
7. PUBLICATION NO. 2 MULTI-DIMENSIONAL ANALYSIS 63
the existence of blockwise chitosan could not be proven. Whether this pattern explains
these macroscopic effects and what else has to be taken into account will be shown in
section ”Impurities of chitosan preparations”.
7.3.2 Conformational analysis
The intrinsic viscosity [η] measured in a specific solvent is related to MW by the Mark-
Houwink equation.
[η] = K ·Ma (7.4)
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Figure 7.3: Conformational analysis -
Mark-Houwink-plot for all six different chitosan
preparations. The plots of chitosan C (dotted
black), H (light grey), P (small dashed black), AF
(dashed black), D (grey) and AQ (black) show a
similar behavior: decreasing slope with increasing
MW . This slight curvature leads to a more ran-
dom coil behavior of high molecular weight chi-
tosan (slope 0.4 to 0.75) while low molecular weight
chitosan possess a relatively stiff chain (slope 0.75
to 1.1).
The so-called Mark-Houwink constants
(K) and (a) depend upon the type
of polymer, solvent and the temper-
ature used during the viscosity mea-
surement. The plot of the log [η]
vs. log MW usually gives a straight
line with slope (a) and intercept log
(K). The slope (a) can vary from 0
(compact sphere) over 0.65-0.85 (ran-
dom coil) to 1.8 (very stiff chain) re-
vealing information about the poly-
mer conformation in solution. Con-
formational plots (Mark-Houwink-plot)
were made for every chitosan prepa-
ration (Fig.7.3). Molecular weight as
well as [η] were determined simultane-
ously during a chromatographic run for
the polydisperse samples. As already
shown by Weinhold et al192 the con-
formational plots revealed lines with
a strong curvature and a decreasing
slope for increasing molecular weight.
Chitosan with small molecular weight
showed a greater slope (1.1 - 0.95) com-
pared to medium sized chitosan (0.95 -
0.75), the smallest slope was found for
large sized chitosan (0.75 - 0.4). However, the plots are not identical for different
chitosan preparations. Up to a molecular weight of 170 kDa all plots show a similar
behavior and a very high slope. For the higher molecular weight preparations Chi C,
AF and D decrease in [η] more strongly than Chi H, P and AQ. The preparation with
the lowest decrease is Chi AQ and the one with the highest decrease is Chi C. The sag-
ging of the curve shows a relation to the MW of these polydisperse samples resulting
in a stronger decrease for smaller MW and a weaker decrease for high MW .
The analysis reveals that different chitosan entities coil in a different way in solution.
This coiling of chitosan does not change stepwise or at a certain point, it is rather a
continuous change over the whole molecular weight range. This means that large sized
chitosan provides a more random-coiled/spherical structure while smaller sized chitosan
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possesses a stiffer chain and appears more wormlike. It is an expected behavior for semi-
stiff polymer chains which derives from the non-Gaussian behavior of short wormlike
chains and Gaussian behavior of large flexible chains in solution. These considerations
explain quite well the continuous change of the slope in the M-H plot for chitosan when
a wide range of molar masses is explored. Previous publications dealing with conforma-
tional analysis of chitosan used only a limited range of molar masses. Therefore only
short extracts of a M-H plot were received with almost linear behavior. Published (K)
and (a) values differ significantly in the literature depending on their explored molec-
ular mass range. The observed non-linearity leads to a continuous change of (K) and
(a) values and therefore to a loss of their ”constant character”. This means that the
accepted procedure to determine the molecular weight of chitosan by using the M-H
equation, published (K) and (a) values and viscosity data from experiments can not be
applied if an accurate molecular weight determination is required. This is of even more
importance when this conformational transition behaves different for different chitosan
preparations as shown for the investigated samples. This unexpected behavior is not
explainable by the wormlike chain model and its excluded volume effects.
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Figure 7.4: Purity of chitosan - Heavy metal
content of different chitosan preparations. Cad-
mium and arsenic were only found in traces. How-
ever, significant amounts of chromium (Chi C 33.1
mg/kg, Chi P 16 mg/kg, Chi AF 11.7 mg/kg, Chi
D 12.5 mg/kg), copper (Chi H 134.2 mg/kg, Chi
AF 17.2 mg/kg), nickel (Chi C 11.9 mg/kg, Chi P
13.1 mg/kg) and zinc (Chi H 14.4 mg/kg, Chi AF
38 mg/kg) were found in the samples.
Without changes of the chemical envi-
ronment it is not easy to understand
the difference in the intrinsic viscosity
for one distinct molecular weight frac-
tion. Compact aggregates, which are
known to have rather high molecular
weights combined with a low viscosity,
were not present during the analysis.
Shoulders or double peaks in the light
scattering signals due to presence of ag-
gregates could not be observed. An-
other indication for the decrease of [η]
with increasing MW can be the pres-
ence of a branched chain. Branching
reduces the Rh of a polymer and there-
fore also the intrinsic viscosity without
a decrease in the molecular weight. Al-
though chitin is known to be a linear
polymer, the used reaction conditions
(strong alkali, high temperature) to get
to chitosan are not very soft. If, for in-
stance, the reaction conditions are ap-
propriate for a strong hydrolysis they
may also be appropriate for cross-linking reactions. This will lead to an earlier de-
crease in the Mark-Houwink plot for a high molecular weight chitosan, as shown above
(Fig.7.3). However, to prove this branching hypothesis further investigations are re-
quired.
7.3.3 Impurities of chitosan preparations
Especially marine organisms can be contaminated by heavy metals depending of the
area and the mechanism of accumulation in target species. To be sure about the purity
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of the preparation used in biological tests and for pharmaceutical uses in general, heavy
metal contents were determined for every chitosan preparation. Along with cadmium
and arsenic concentrations (which are typically tested) we analyzed also the most com-
mon heavy metals (see Fig.7.4 for details). The overall heavy metal content revealed
great differences for the analyzed preparation. While cadmium and arsenic, known
as one of the most cytotoxic heavy metals, could only be found in traces noteworthy
amounts of chromium, nickel and copper could be detected. The detected concen-
trations varied strongly between individual samples (Fig.7.4). Significant amounts of
chromium (Chi C 33.1 mg/kg, Chi P 16 mg/kg, Chi AF 11.7 mg/kg, Chi D 12.5
mg/kg), copper (Chi H 134.2 mg/kg, Chi AF 17.2 mg/kg), nickel (Chi C 11.9 mg/kg,
Chi P 13.1 mg/kg) and zinc (Chi H 14.4 mg/kg, Chi AF 38 mg/kg) were found in the
mentioned samples. Surprisingly, preparation H showed a very high value of copper
which already manifested in the light green appearance of these grains. According to
information of the manufacturer tap water in contrast to deionized water was used to
remove alkali residues from the freshly deacetylated product. This treatment combined
with the ability of chitosan to bind metal ions by complexation obviously may caused
the accumulation of copper in the product. This indicates that not only selection of
natural sources can influence the heavy-metal content but also the steps of preparing
a distinct chitosan type needs to be taken into account.
Heavy metal impurity of chitosan is just one important parameter which limits its ap-
plication for medical purposes. Other important impurities like protein and ash content
were also determined as well as moisture and chloride content (Tab.7.2). Furthermore
the solubility in water (pH = 7), as a necessary criterion for several biological and
medical assays, and the solubility in diluted acetic acid (0.5 M) was checked (Tab.7.2).
Although the production process for chitosan uses strong alkali/acidic media residual
protein was found in all samples ranging from 0.7 to 1.9 % (Tab.7.2).
Table 7.2: Impurity contents and solubility of different chitosan preparations. Water solubility
was monitored in neutral water (pH=7) merged with solid chitosan. After 24 h the pH was
measured again. Chloride content is given in mg per gram chitosan.
Chitosan Protein Ash Moisture Cl− Solubility in Solubility in
preparation [%] [%] [%] [mg] H2O (pH=7) 0.5 M HAc (pH=2)
Chitosan C 1.0 1.0 9.3 4.4 - (pH=7.8) +
Chitosan H 1.0 0.5 2.9 3.0 - (pH=8.3) +
Chitosan P 0.9 0.3 10.2 0.7 - (pH=7.6) +
Chitosan AF 1.8. n.d. 3.5 1.9 - (pH=7.9) +
Chitosan D 0.7 0.5 10.1 135.9 + (pH=4.5) +
Chitosan AQ 1.9 n.d. 9.5 9.0 - (pH=8.1) +
In general, the production processes applied for the preparations analyzed within this
study were able to minimize the protein content of the product but not able to remove
protein traces completely. Ash contents ranged from 0.3 to 1 % indicating a very low
level of inorganic impurities/residuals in every preparation.
A strong difference was found with respect to the chloride content of the samples. While
the investigation of preparation Chi C, H, P and AQ revealed just traces, a rather high
value of chloride was found for Chi D. Furthermore Chi D was the only preparation
which showed, against the usual theory, water solubility at a pH of 7. The fact that the
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pH of the water decreased after dissolution to 4.5 indicates presence of acid residue in
this specific sample. This is known from chitosan derivatives like the salt chitosan*HCl,
which shows in contrast to chitosan solubility in water. Combining the high chloride
content and the acidic character of this chitosan preparation a clear evidence was found
for the presence of chitosan*HCl. The solubility of the other samples was limited to
acetic acid only (Tab.7.2).
No clear correlation could be found when comparing the solubility results with the PA
values (Tab.8.1 and 7.2). All acid-soluble samples possess a random-dominated pattern
comprising also the water-soluble preparation. Thus, a random pattern seems not to
be the prerequisite for water solubility. However, in cases where this random-pattern
polymer chain exists as salt, water solubility is enabled. This conclusion becomes
clear if the different crystalline structures of chitosan and chitosan*HCl are considered
(Fig.7.1h).
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Figure 7.5: XRD analysis - The picture shows five different diffractogramms of Chi C (black), H
(dark grey), P (grey), AF (bright grey) and D (very bright grey). All samples are semi-crystalline with
rather broad reflection spots. Chi C, H, P, AF show a very similar scattering behavior while the intensity
of Chi D shows a strong decrease.
The structure of chitosan*HCl is stabilized by less intramolecular hydrogen bonds due
to the distortion of the chain. Together with occurring charges at the amino group
and presence of anions in the unit cell intermolecular hydrogen bonds are also reduced.
Combining this weaker crystalline form with the present negative and positive charges
enhances the penetration by polar media like water. This is believed to be the expla-
nation for the different solubility of different chitosan preparations.
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7.3.4 Crystallinity
X-ray diffraction (XRD) measurements on different chitosan preparation revealed three
major signals as expected from previous studies193 (Fig.7.5). Chitosan C, H, P and
AF showed a very similar scattering behavior with more less pronounced peaks at 11,
20 and 22◦ and only slight changes in the overall scattering intensity between every
preparation. In contrast, scattering intensity of Chi D*HCl is greatly reduced and no
clear reflection spots could be observed. Apparently, no influence of the FA or the MW
on the scattering intensity or peak positions could be found. Although broad signals
are already an indication for semi-crystalline material, Chi D contains even less crys-
talline domains than other samples according to the scattering intensity. However, we
do not want to overestimate the decrease of scattering intensity since this can also be
influenced by slight differences in the sample preparation.
Similar XRD experiments were done by Kurita and Aiba and coworkers189,194. They
proposed that different scattering behaviors must be related to different patterns of
acetylation for a pool of differently acetylated chitosan preparations (homogeneously
and heterogeneously produced). In order to verify these results we measured the PA
by a separate method and compared it to our XRD results. Found PA values could
neither be correlated to any scattering intensity nor resulted in significant peak shifts.
Samples with rather different PA values (Chi C, H, AF) based on the NMR method
showed very similar scattering behavior. That means impact on diffraction behavior
could in our case not be deduced from the pattern of acetylation.
Table 7.3: Changes of the physicochemical parameters before and after autoclaving of a chitosan
solution.
Chitosan Origin MW MN MW/MN [η] Rh DPW FA PA
preparation [kg/mol] [kg/mol] [ml/g] [nm]
Chi D crab 159±3.3% 54 2.9 358 18.9 922 0.13 0.96
Chi D autocl. crab 91±0.3% 35 2.6 210 12.9 525 0.13 0.96
7.3.5 Biological effects
Based on our analytical data, chitosan preparation D [0.13] was chosen for further bio-
logical tests mainly based on its good water solubility. Furthermore it had low contents
of protein and heavy metals to avoid any possible impact on bacteria. Additionally,
to fulfill sterile conditions the used chitosan preparation was autoclaved before testing
in the growth assay of E. coli. After this treatment physicochemical parameters were
again analyzed and differences in comparison to an untreated sample are summed up
in Tab.7.3.
A culture of E. coli bacteria was incubated with a 1 w% solution of Chi D [0.13] and
TEM images were taken after 30 min, 3 h and 21 h (see Fig.7.6). Presence of Chi D
[0.13] showed a change in cell morphology depending on incubation time. Firstly, up to
70 nm big blebs occurred upon the cell surface after 30 min (Fig.7.6b-I). Secondly, blebs
were still present accompanied with a loss of integrity in the bacteria cell membrane
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(Fig.7.6c and c-I). The cells started to deform and some of the cytoplasm were missing
on the image due to membrane damage (Fig.7.6c-II). After 21 h incubation time this
effect increased and only few cells could be found in the sample which have not been
fragmented. In particular cell membranes were destroyed (Fig.7.6d-I) and the cells
lost their plasmatic content. The origin of this appearance can be deduced from two
facts. It is possible that blebs are fragments of the cell membrane produced by the cell
as an reaction on the chitosan treatment. The second possibility is that blebs itself
may consist of pure chitosan. In this case it is difficult to clear up this observation
because membrane fragments as well as chitosan were both heavy metal labeled for the
visualization in TEM.
Figure 7.6: Electron microscopy - The pic-
ture shows TEM images of different bacteria cul-
tures (E.coli K 12). The control sample (a) is com-
pared to a sample treated for 30 min (b), 3 h (c)
and 21 h (d) with 1 w% chitosan D. Already after
30 min blebs of up to 70 nm diameter are appear-
ing onto the cell membrane surface. The number of
vesicles multiplies drastically with time and disin-
tegration of the cell membranes connected to death
of the cells could be monitored for longer incuba-
tion times.
However, the chitosan preparation
used has average hydrodynamic diam-
eters of ca. 30 nm or even more
if the polydispersity of this sample
is considered. This size, which is
in the order of magnitude of the
bleb size, point at chitosan consist-
ing blebs. An aggregation (com-
pare Fig.7.1k) or association on the
cell surface of several chitosan chains
may produce such blebs if the incu-
bation time is appropriate. Appear-
ing blebs indicate a molecular inter-
action of chitosan at the cell sur-
face which finally leads to a destruc-
tion of the membrane structure and
consequently to celldeath. There-
fore deformation and death of the
cells can be directly correlated to
the exposition to chitosan entities.
Possible side-effects of chitosan by-
products can be clearly excluded due
to the examined purity of preparation
D.
The bioluminescence inhibition assay of
Vibrio fisheri exhibited a comparable
effect. This result was similar to that
one found in a growth inhibition assays
performed with E. coli cells (data not
shown). The luminescence decreases
with increasing concentration of Chi D
[0.13] (Fig.7.7). At a concentration of
only 0.5 w% the luminescence was in-
hibited up to 80 %. Already at a concentration of about 0.035 w% the inhibition
reached the half maximal inhibitory concentration value (IC50).
While 1 w% of Chi D [0.13] resulted in a disintegration of cell wall and membrane of
E. coli cells the results obtained for V. fischeri showed that the effect on this bacteria
is starting already at a 100 fold lower dose.
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Shown bacteria tests revealed a large difference in the effective concentration. This
can be a critical point with respect to ecotoxicological effects, if chitosan is used as
”anti-microbial agent” for agricultural applications (e.g. soil additive, seed/leaf coat-
ing). Up to now it is unknown to what extent the ecosystem in the soil or on plants is
unbalanced by the use of chitosan. As long as the molecular mechanisms of the toxic
effects of chitosan entities are not analyzed and elucidated a general use of chitosan as
anti-microbial agent is not recommended.
The tested preparation with mean molecular weight of 91 kg/mol and FA of 0.13 showed
remarkable effects on this two bacteria, however, this does not mean that especially this
mean molecular weight is responsible for these effects. Due to the polydispersity of the
sample it contains also molecular weights of e.g. ca. 2 % 600 kg/mol, 7 % 300 kg/mol
and 15 % with smaller weight than 16 kg/mol. While small chitosan entities may show
a different mode of action (e.g. uptake in the cell) large molecular weights may behave
completely different (e.g. bleb formation). Although this sample was thoroughly an-
alyzed the observed effects can not be ascribed to one specific structure. This means
that typical commercial samples are not suitable for a detailed investigation without
any refinement. In order to refine these samples a fractionation of this sample is nec-
essary to obtain different molecular weight fractions with low polydispersity indexes,
which we intend to show in the future. After this refinement sample quality will reach
the level at which structure-activity questions are feasible and can be answered precisely.
7.4 Conclusion
1E-3 0.01 0.1 1
20
30
40
50
60
70
80
90
L
u
m
in
e
sc
e
n
ce
in
h
ib
iti
o
n
[%
]
Concentration [weight%]
Figure 7.7: Luminescence inhibition - Plot
of luminescence inhibition of Vibrio fischeri in per-
cent versus the concentration of chitosan in weight
percent. The half maximal inhibitory concentra-
tion IC50 could be found at 0.035 w%.
An essential need for a systematic and
standardized multi-dimensional analy-
sis of chitosan was clearly demonstrated
investigating six examples of different
chitosan preparations. These prepa-
rations varied drastically in almost
all characteristics determined, which
maybe exemplary for commercial chi-
tosan preparations in general. Our
findings reveal the variety of composi-
tion as well as properties of different
chitosan preparations. It becomes ob-
vious that it is difficult or even impossi-
ble to obtain identical chitosan prepa-
rations when different batches of raw
materials are used or the parameters
of production are not well known. Al-
though the production is known for
decades sample qualities do not fulfill
the requirements for a structure-activity investigation without refinement. Application
of a multi-dimensional analysis can avoid flaws during production and is a necessary
approach to enable a structure-activity investigation in chitosan research.
Our multi-dimensional analysis enabled interesting correlation between different physic-
ochemical parameters. Characteristics like MW and FA change with no relation to the
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source or its PA. All samples showed a random-pattern regardless of high or low molec-
ular weight and FA. All preparations showed a molecular-weight-dependent change in
conformation from a stiff chain to a more compact structure, however, the transition
to a more compact structure varied between different samples. In consequence, the
accepted procedure to determine the molecular weight of chitosan by using the M-H
equation, published (K) and (a) values and viscosity data from experiments can not
be applied if an accurate molecular weight determination is required. Solubility behav-
ior of a chitosan preparation could be deduced and explained by combining different
methods. It was found that the occurrence of chitosan*HCl enabled water solubility
(pH=7), while chitosan without HCl were only soluble in acetic acid. The PA showed
no impact on this behavior despite assumptions to the contrary. Even chloride-free
random pattern chitosan preparations showed no water solublility. The biological ef-
fects on different bacteria revealed fast effects (30 min) on E.coli and also decreased
the bioluminescence of V. fisheri (IC50 = 0.035 w%).
We want to point out that the use of chitosan is based on renewable alternative feed-
stock and its flexible field of applications can be build up to a portfolio of green and
sustainable chemical products that can dominate future world markets. However, de-
pending on the application or the expected effect of a chitosan preparation the used
data basis should be as broad as possible. Only one analytical method is not enough for
a full characterization of this challenging macromolecule. Nevertheless, without deter-
mining important parameters the future of chitosan to become a market-ready product
will end before it could have started. By the application of the T-SAR guided multi-
dimensional analysis it will be possible to modify several parameters in further research.
An increase in more specific information about molecular characteristics in correlation
with biological activity of chitosan can open up more fields for new applications and
facilitates chemical-customizing for already existing applications. This analysis kit is
considered to be a necessary approach on the way to biodegradable products made
from environmentally benign chemicals.
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Abstract: Chitosan is a biopolymer which physicochemical characteristics like frac-
tion of acetylation (FA) and molecular weight (MW ) depend strongly on preparation
conditions. Furthermore, the orientation of acetyl groups along the chain may adopt
different patterns like an alternating, random or a block-wise pattern depending on
preparations conditions. However, a reliable determination of the pattern of acety-
lation of unknown chitosan preparations - as a single parameter PA - is crucial for
structure-activity-analysis dealing with biological systems. In this study, an improved
method for pattern determination using 13C-NMR data of commercial de-N -acetylated
and lab-made re-N -acetylated chitosan samples is shown. Results indicated a random-
dominated pattern (PA 0.5 to 1.5) for all 32 samples although different process condi-
tions were used during production of the samples. No evidence for the existence of a
clear block-wise or clear alternating chitosan preparation was found. For the first time
it could be shown that pattern of acetylation correlates with FA exponentially (PA =
1.11 - 0.58 · e(−FA0.13 )).
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8.1 Introduction
Chitin, together with cellulose, belongs to the most abundant biopolymers on earth.
It is widely distributed in the exoskeleton of insects, crustaceans and in the cell walls
of microorganisms such as fungi and yeast. Chitin is mainly used as a raw material
for the production of chitosan, a copolymer comprising variable proportions of N -
acetylglucosamine (GlcNAc, A-unit) and deacetylated glucosamine units (GlcN, D-
unit). To produce chitosan, chitin is typically deacetylated in hot alkali solutions for
different time195. Chitosan, in contrast to chitin, dissolves in diluted acids, preferably
in organic acids and its chloridic form even in aqueous solutions105. Due to better
solubility chitosan has a higher chemical and biochemical reactivity.
Depending on the source (α- or β-chitin) and process conditions (time, temperature)
during alkaline deacetylation, the product shows large varying properties characterized
by parameters such as mole fraction of acetylation (FA) and weight-averaged molecular
weight (MW )30. Furthermore, depending on deacetylation conditions, chitosan may
show characteristic pattern of acetylation (PA) that might vary from block over ran-
dom to an alternating pattern. Theoretically, the PA should have significant impact on
biological activity (enzyme recognition) and even on physicochemical activity (charge
density) for a chitosan preparation with exactly the same MW and FA but different
PA. However, there is some confusion about the existence of different patterns in the
literature and the different scientific approaches using different methods and different
samples complicate the comparison of pattern determination.
Already in 1977, Kurita and co-workers189 investigated heterogeneously and homoge-
neously acetylated chitosan preparations by X-ray diffraction (XRD). They suggested
that the homogeneous process should give a random type copolymer while the het-
erogenous process should result in a block copolymer. The results from Aiba194 con-
firmed these results by studying the swelling properties again with XRD. Later in 1991,
V˚arum and co-workers described a method for pattern determination using 1H126 and
13C-NMR127. They concluded that tested samples showed similar characteristics of
a random bernoullian distribution. In a subsequent study the composition of soluble
parts and insoluble parts of chitosan produced by a heterogeneous process were investi-
gated99. While a random pattern was clearly observed for the soluble part, a block-wise
pattern in the insoluble part was assumed but not proven. Recently, a new production
route of chitosan was shown by means of Freeze-pump out-thaw (FPT) cycles yielding
in high molecular weight products195. Although α- as well as β-chitin were used as
starting material, no block-wise pattern could be found in the products with varying
FA.
Considering the history of the pattern determination two main points should be noted.
First, the existence of a block-wise pattern could not be confirmed within an experiment
by later working groups. Second, the pattern was determined from laboratory-made
chitosan only, which can be sometimes highly different in comparison to commercial
samples. Thus, reports about pattern determinations were difficult to prove and results
could not be used for further studies using commercially available samples. To avoid
these difficulties we want to show how a more simplified approach for PA determination
can be applied to a pool of commercial samples. Therefore, we want to demonstrate
that a general concept of polymer sequence evaluation185 can be successfully applied to
chitosan pattern analysis avoiding some difficulties of the established pattern analysis
as proposed by V˚arum and co-workers127. This previously described method yields in
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many pattern values for just one sample. Thus, comparison of chitosan preparations
between each other becomes tedious. Furthermore, a precise quantitative method is
required to obtain accurate pattern values (diad areas) from 13C-NMR spectra, which
was not clearly shown by the authors.
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Figure 8.1: Pattern types - (a) Structural
formulas of the A-unit N -acetyl-glucosamine and
the D-unit glucosamine. (b) Theoretical patterns
of acetylation illustrated as pictographs. A square
represents a N -acetyl-glucosamine and a circle a
glucosamine unit. A pattern can adopt the follow-
ing extreme values: a alternating, a random and a
block-wise distribution.
Our main focus was to simplify the
analysis and to generate a value which
can be compared easily between differ-
ent chitosan preparations. Thus, the
results can be used and understood by
biologists, who often discuss an impact
of change of pattern on enzyme recog-
nition but are not well trained in poly-
mer analysis. Since chitosan research
has a very interdisciplinary focus, our
aim was to describe the analysis in
a simpler way than it is usually dis-
cussed in the polymer scientist commu-
nity. Within this study the quantita-
tive extraction was made using stan-
dard NMR spectrometers (13C 90 MHz)
instead of expensive high field devices
(13C 125 MHz) at much lower temper-
atures than proposed earlier.
Collected data have been revised and
increased in quality by curve fitting of
the NMR data and by control of the
molecular weight. Based on the V˚arum
method we propose a new single param-
eter PA describing the pattern of acety-
lation of chitosan. Although this sim-
plification can only be made at the expense of accuracy, we think this simplification has
some advantages. Using the pattern parameter PA enables a faster and straightforward
comparison of unknown chitosan preparations for a more thorough structure-activity
analysis dealing with e.g. biological systems.
Throughout this work we use the nomenclature proposed by the European Chitin Soci-
ety (EUCHIS)179. Chitin and chitosan will be classified on the basis of their solubility
and insolubility in 0.1 M acetic acid. Insoluble material is named chitin, soluble ma-
terial is defined chitosan. The different types of acetylation will be expressed as the
mole fraction of acetylation FA. It is given in brackets after every distinct chitosan
preparation, e.g. a 8 % acetylated chitosan A will be written as Chi A [0.08].
8.2 Experimental
Material Chitosan produced by partial de-N -acetylation (heterogeneous conditions):
Chitosan A-D were purchased from Chipro (Bremen, Germany), chitosan E from Vink
(Berlin, Germany), chitosan F from Heppe GmbH (Halle, Germany), chitosan G from
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Polymar (Braschaat, Belgium), chitosan H, J, K were received from EUTEC (Emden,
Germany), chitosan I from Kraeber GmbH (Ellerbek, Germany), chitosan L-N from
Fluka (Buchs, Switzerland), chitosan O from ABCR (Karlsruhe, Germany), chitosan P
from Sigma Aldrich (Seelze, Germany), chitosan Q from Roth (Karlsruhe, Germany)
and chitosan R-Y from Bioneer (Hørsholm, Denmark). Samples AX, AY, AZ, BA were
produced by Mahtani Chitosan (Veraval, India) from chitin particles of different sizes
to vary conditions from heterogeneous to more homogeneous de-N -acetylation (0.25 up
to 2 mm).
Chitosan produced by partial re-N -acetylation (homogeneous conditions): Chitosan
BR, BS, and BT were first fully de-N -acetylated, then partially re-N -acetylated ho-
mogeneously in solution according to the procedure described previously195. Re-N -
acetylated samples and samples generated from different particle sizes were kindly pro-
vided by Prof. Moerschbacher (Mu¨nster, Germany).
Sodium acetate, ethanole, ethylene glycol and acetic acid was obtained from Fluka
(Buchs, Switzerland). Ammonia (25 %) was purchased from Merck (Darmstadt, Ger-
many). All reagents used were of analytical grade.
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Figure 8.2: NMR spectra/overview - 13C
NMR spectra (100 MHz) of two chitosan samples
with different FA. The C5 area, which was used for
pattern analysis, is highlighted in light grey. Signal
assignments are based on V˚arum and Tømmeraas
et al.127,196
Purification of Chitosan To en-
sure a pure raw product the chi-
tosan was cleaned before use and in-
soluble matter was removed. The
chitosan powder was dissolved in
0.5 M acetic acid (10 g/L) for
24 h. The clear solution was cen-
trifuged for 10 min (3577 g) with
an ultracentrifuge (Heraeus Instru-
ments, Germany) and the supernatant
was filtered through a 0.45 μm cel-
lulose nitrate filter (Sartorius, Ger-
many). The final products were then
lyophilized.
Hydrolysis of chitosan for NMR
analysis First, all chitosan prepara-
tions were dissolved at room temper-
ature for 24 h by adding 100 mg
chitosan under shaking in 10 mL
0.07 M HCl. Second, 5 mg NaNO2
were added and the solutions were
stored for 4 hours and subsequently
freeze-dried. The residue was dis-
solved in D2O and then lyophilized.
This step was repeated twice to
exchange labile protons with deu-
terium.
NMR spectroscopy All samples (ca. 5 mg 1H-NMR, and ca. 50 mg 13C-NMR exper-
iments) were dissolved in 0.7 mL 99.95% D2O (Deutero GmbH, Kastellaun, Germany);
one drop of DCl (37%) was added to receive an ambient pH for dissolution and the
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solutions were transferred to 5 mm NMR tubes. The 1H-NMR and 13C-NMR spectra
were recorded on a Varian Mercury 400 and on a Brucker Avance 360 (WB 360) spec-
trometer at 400 MHz and 360 MHz for protons and 100 MHz and 90 MHz for carbon,
respectively. 1H-NMR as well as 13C-NMR spectra were recorded at 80◦C, 60◦C and
at room temperature (20◦C). 32 and 30 000 scans were acquired for proton and carbon
spectra, respectively. Chemical shifts were reported relative to internal acetone (δH
2.225, δC 31.45). MestRec-4.9 software for PC was used for processing of the spectra.
Prior to signal integration in 1H-NMR spectra, a linear drift correlation between 1 and
6 ppm for 1C-NMR and between 0 and 110 ppm for 13C-NMR was applied, respectively.
Integration boundaries were set manually by inspection of the spectrum.
Determination of the FA The FA was determined by 1H-NMR spectroscopy accord-
ing to the method of Hirai et al.125. Chitosan samples were dissolved in D2O/DCl and
FA values were obtained as described previously105.
Determination of the PA Chitosan, as linear copolymer of GlcNAc (A) and GlcN
(D), can be characterized by different sequences of the monomers along the chains. The
possible copolymer architecture includes alternating, random or block-wise distribution
of acetyl groups (Fig.7.1) and can be determined by 13C-NMR spectroscopy. In the
13C-NMR spectrum, the carbon signals have different chemical shifts, depending on
the chemical structure of the neighboring units. The intensities of the 13C resonances
for the different sequences can be used for a more detailed sequential characterization
of chitosan.
In this paper, 13C-NMR data was compared to sequences obtained by theoretical ran-
dom statistics (bernoullian model for trial propagation184,185). In this approach, stere-
ochemistry of the chain end is not taken into account and it is either unimportant
whether it is a A or a D unit. For a transfer of the bernoullian model to chitosan
characterization we have to consider the possibility that A or D can be added to an un-
known initial group and followed again by A or D (described as fraction of acetylation
FA and deacetylation FD). Adding now an A unit or D unit to another A or D unit,
four different sequences (FAD, FDD, FAA and FDA) can be identified and were specified
as diad intensities. From the FA and FD value alone, chitosan can not be tested for
consistency or inconsistency with bernoullian model, only the diad (or triad) informa-
tion allows this comparison. If FA is determined experimentally, it is thus possible to
calculate the FD and all theoretical diad values for a perfect random distribution as
shown below:
FAA = F 2A (8.1)
FD = 1− FA (8.2)
FDD = F 2D (8.3)
FAD = FDA = 2 · FA · FD (8.4)
In Eq. 8.1-8.4 FAA (FDD) is the probability that two A (D) groups are adjacent to
each other and FAD (FDA) the probability that one group A has a D neighbor, vice
versa. The relative experimental intensities of 13C resonances in the analyzed chitosan
were determined and normalized according to bernoullian statistics and presented as:
FAD =
IAD + IDA
IAD + IDA + IAA + IDD
(8.5)
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FAA =
IAA
IAD + IDA + IAA + IDD
(8.6)
FDD =
IDD
IAD + IDA + IAA + IDD
(8.7)
where IAD, IDD, IAA and IDA indicate the experimental area of the frequency FAD,
FDD, FAA and FDA in the analyzed samples, respectively. The conformity to bernoul-
lian statistics can be tested by application of Eq. 8.8185:
PA = PΣ =
FAD
(2 · FAA) + FAD +
FAD
(2 · FDD) + FAD (8.8)
ppm
DA
DD
AA AD
F =0.17A
F =0.06A
F =0.48A
75.0075.5076.00
Resonance region
of the C5 carbon
atom at 60°C
Figure 8.3: NMR spectra/C5 - Extracts of
the C5 resonance region of 13C-NMR spectra. Chi-
tosan with different FA values are shown: Chi C
[0.06], Chi O [0.17] and Chi V [0.48].
If the statistic is consistent with the
bernoullian model a random pattern is
found and the PΣ value becomes 1. For
a complete block-wise pattern the value
drops to 0 and for a complete alternat-
ing pattern the value increases to 2 as
shown in Fig.7.1. As long as diad areas
are extracted from sometimes poorly
resolved spectra with help of a peak fit-
ting procedure, PΣ values may vary de-
pending on spectra quality. Influence
of different fitting routines and their
impact on the standard deviation on
the PA parameter will be shown in a
separate paper197. In this paper, the
general pattern parameter for polymer
analysis PΣ is denoted as PA to express
the functionality of the acetyl groups in
chitosan pattern analysis.
Curve fitting 13C-NMR spectra were
fitted using the curve-fitting tool in the
MestRec software198. In order to get a
spectrum with good signal to noise ra-
tio the fourier transformation settings
were optimized. All diad peaks were
fitted with the same curve widths, however, the peak widths were decreased with an
increase of temperature (5-6 at 60-80◦C and 7-9 at 20◦C). An unknown peak appeared
between FDD and FAA signal and may be attributed to one of the mannose signals.
To fit this peak properly a much smaller width was used than for the diad signals.
A detailed description of the curve fitting and its analyst dependent impact on the
standard deviation will be shown in Kumirska et al.197.
Triple detection Size Exclusion Chromatography (SEC3) The biopolymer anal-
ysis was performed with a triple detection size exclusion chromatography system (SEC3,
Viscotek, USA) consisting of an online two channel degasser, a high pressure pump, an
autosampler (all parts integrated in the GPCmax, Viscotek, USA), a 0.5 μm stainless
steel in-line filter with a nylon membrane, two serially connected ViscoGEL columms
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(PWXL mixed bed 6-13 μm methacrylate particles, 7.8×300 mm), a temperature con-
trolled triple detector array (TDAmax 305, Viscotek, USA) with a differential re-
fractometer at λ=660 nm (RID 3580), a right angle (90◦) light scattering detector
(RALS) with a semiconductor laser diode at λ=670 nm and a four capillary, differen-
tial Wheatstone bridge viscometer. The SEC conditions were as follows: a degassed
0.3 M CH3COOH/0.3 M CH3COONa buffer (pH=4.5) with 1 % ethylene glycol was
used as eluent, the sample concentration was 0.3-1 mg/mL and samples were dissolved
for 24 h under shaking, injection volumina varied from 10 to 100 μL, flow rate was
maintained at 0.7 mL/min, and the column and detector temperature were kept at
30◦C. Before injection, the sample solutions were filtered through a 0.45 μm cellulose
nitrate disposable membrane (Sartorius, Germany). To ensure a low light scattering
noise level the eluent was filtrated through a 16-40 μm glass filter. A polyethyleneoxid
standard (MW = 22,411, [η] = 0.384 dL/g, MW /MN = 1.03) was used to normalize
the viscometer and the light scattering detector. Data acquisition and processing were
carried out by use of OmniSEC 4.1 software (Viscotek Corporation). A dn/dc of 0.163
was used for the MW calculation86. For large molecules (Rg>10 nm), where angular
dependance is present, missing RALS intensity was viscosity corrected by the Om-
niSEC software. Received molecular weight and intrinsic viscosity values were used to
improve the molecular weight by an iterative method through calculation of the radius
of gyration Rg: (
1
6
)0.5
·
(
M · [η]
F
)0.3
= Rg (8.9)
the calculated radius is used to recalculate the scattering function P(θ) which is then
used to determine the viscosity corrected molecular weight.
8
3
[
Rg
Πn
λ
sin(θ/2)
]2
= x (8.10)
2
[
e−x − (1− x)
x2
]
= P (θ) (8.11)
8.3 Results and Discussion
This paper is organized as follows: In the first section, the general procedure of PA
analysis using 13C-NMR data is briefly discussed. In the second section, the molecular
weight analysis of degraded samples is reported. After that we focus on the resolu-
tion dependance of NMR spectra at different temperatures with special emphasis on
a modified peak fitting procedure, which still enabled a quantitative PA determina-
tion at room temperature. Finally, we show the comparison of our findings for a pool
of up to 32 chitosan preparations improving the comparison by use of the PA parameter.
8.3.1 PA analysis of chitosan
The determination of the monomer sequences in chitosan using 13C-NMR data re-
quires spectra with sufficient resolution of the diad frequencies. In order to get good
resolved spectra we hydrolyzed the samples with HCl/NaNO2. Nitrous acid cleaves the
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β-glycosidic linkage and generates a new reducing end group (2,5-anhydro-D-mannose)
196. This end group gives rise to additional peaks in the 13C-NMR spectrum (Fig.8.2)
which can complicate NMR interpretation and may lead to an overlap with important
diad frequencies. Even though this hydrolysis modifies the molecules producing artifi-
cial chemical entities (fractions), we assume it to be a prerequisite for NMR analysis
due to two facts. Firstly, the hydrolysis reduces drastically the viscosity of the solution
allowing an appropriate handling of the sample. Secondly, it reduces the signal width,
which would otherwise be too large for the applied polymer analysis using NMR tech-
niques. Hydrolysis gives oligomers of various sizes, thus allowing an estimation of the
distribution of N -acetyl groups.
Figure 8.4: Elution behavior - Typical chro-
matograms, including refractive index response
(RI) of two chitosan samples. Initial chitosan N
(black) has been hydrolyzed with NaNO2 result-
ing in a decrease of the molecular weight (grey).
In general, the experimental data of the
sequences in the chitosan samples could
be calculated from all carbon signals in
the 13C-NMR spectra127 (Fig.8.2). In-
spection of these spectra showed that
the highest resolution and only low
overlapping signals for the four diad fre-
quencies - FAA, FAD, FDA and FDD -
were achieved from the carbon C5 sig-
nals (Fig.8.2). For other carbon re-
gions diad peaks showed superimpo-
sition with neighboring peaks, which
inhibited a quantitative extraction of
signal areas. (For more information
about extraction of triad frequencies
for C1 and diad frequencies for C6 the
reader is referred to the electronic sup-
plement.) Furthermore, the shape of
the spectra changed upon changing of
the FA, and parts of 13C-NMR spectra with different FA values are shown in Fig.8.3.
While a sample with high FA (Fig.8.3 Chi V [0.48]) showed relatively intense signals
for all four diad signals, three diad signals are rather weak for a high de-N -acetylated
sample (Fig.8.3 Chi C [0.06]). All signals showed a significant overlapping, thus, a
typical integration of these signals yielded in an overestimation of the tiny AA sig-
nal intensity, especially for high de-N -acetylated samples. In order to extract the real
signal intensity we applied a peak fitting procedure for the whole diad region, which
allowed a quantitative determination of every signal area.
8.3.2 Molecular weight determination of initial and degraded samples
Determination of the molecular weight was performed by size-exclusion chromatography
(SEC3). Initial samples as well as NaNO2 degraded samples were analyzed to monitor
the change in the molecular weight within the reaction. A typical chromatogram of an
initial sample compared to a degraded sample is shown in Fig.8.4.
In every case the reaction led to a successful depolymerization of samples, however, the
final weight varied between samples. Twenty preparations yielded in MW values below
10 kDa, seven to MW values between 10 and 20 kDa and five samples to a final weight
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of more than 20 kDa (see Tab.8.1). In none of these cases the higher molecular weight
had a significant impact on 13C-spectra resolution. Even for sample Chi G with a final
weight of 33 kDa the PA analysis was still possible. This means samples with initial MW
equal to this value do not need to be degraded beforehand and can be measured directly.
8.3.3 Temperature impact on spectra resolution and PA analysis
DA
DD
AA
AD
Chi M at RT
FA = 0.12
PA = 0.94
DA
DD
AA
AD
74.5075.0075.5076.00
75.5076.0076.5077.00
Chi M at 80°C
FA = 0.12
PA = 0.92
ppm
ppm
(a)
(b)
Figure 8.5: Temperature impact on spec-
tra resolution - The picture shows extracts of the
C5 resonance region of 13C-NMR spectra (95 MHz)
at room temperature (a) and 80◦C (b). For both
spectra fitted curves (light grey) and residual of
the fit (dash-dotted line) is shown. Line widths of
the fitted curves are reduced at elevated tempera-
ture but only slight changes in the PA value could
be found when the experiment was conducted at
room temperature.
Peak width in NMR spectroscopy is in-
fluenced by the viscosity of the sam-
ple. Due to the lack of sensitivity
for the NMR spectroscopy relative high
amounts of sample material are re-
quired. However, higher concentration
of a polymeric substance led to an in-
crease in viscosity and decrease of spec-
tral resolution, which is strongly af-
fected by the molecular weight of the
sample. Starting with high tempera-
ture measurements (80◦C) for Chi M
[0.12] we obtained spectra with good
resolution, as expected (Fig.8.5). How-
ever, a continuous operation of NMR
systems at elevated temperatures for
long measurements is far from ideal,
a lower temperature would lead to
a more simplified measurement proce-
dure. Furthermore, inspection of the
spectra revealed overlapping signals,
hence, line-fitting had do be applied
even at high temperatures. Due to this
we decided to check the spectra qual-
ity at lower temperatures. Again sam-
ple Chi M [0.12] was measured at room
temperature and the resolution thus
obtained turned out to be still sufficient
to obtain separated peaks (Fig.8.5).
The following line-fitting procedure was
readapted slightly (line widths were
increased) and calculated PA values
showed only small changes. The PA
value decreased up to 2 % after decreas-
ing temperature down to 60◦C during the measurement. Hence, the PA determination
can be simplified by conducting measurements at lower temperatures without worsen
the accuracy. Lower temperatures have the advantage that possible interferences like
temperature induced degradation, evaporation of the solvent and equilibrating delays
can be avoided. Furthermore, acceptable spectra resolution were obtained using stan-
dard devices (13C 90 MHz) instead of high field devices (13C 125 MHz) as reported by
V˚arum et al.127. Together with this finding we emphasize that this method is more
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suitable as a standard technique because high temperature as well as high field devices
are not necessary for the PA determination.
perfect random pattern
random-dominated pattern
block-dominated pattern
perfect block-wise pattern
perfect alternating pattern
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Figure 8.6: Pattern overview - Dependance of the pattern parameter PA versus FA. De-N -acetylated
chitosan samples (open circles), re-N -acetylated samples (full circles) as well as de-N -acetylated samples
with different particle sizes (full triangles) are plotted. All samples show a random-dominated pattern
according to the PA value. However, high acetylated samples show a slight trend to a more alternating
pattern while low acetylated samples show a more block-wise character. The solid lines represents a trend
calculated by last square fitting PA = 1.11 - 0.58 · e(
−FA
0.13 ), R2=0.83.
8.3.4 PA comparison of different chitosan preparations
PA values of all chitosan preparations indicated a random-dominated pattern (0.5 to
1.5) and are shown in Tab.8.1. Comparison of the PA value with the FA of the specific
sample revealed an exponential relation with a slight decrease of the PA value with
decreasing FA (Fig.8.6). This general behavior was not only found for heterogeneously
prepared chitosan samples but also for the three homogeneously prepared samples,
which can be found on the same line (Fig.8.6). For highly acetylated samples (Chi
R [0.48], T [0.46], V [0.48], X [0.44]) the PA showed values above 1, indicating a
slight tendency to a more alternating structure. Furthermore, highly de-N -acetylatied
samples (Chi B [0.02], E [0.04], H [0.02]) showed the opposite behavior. Herein the
block-wise character increases. However, all preparations show a higher contribution of
bernoullian characteristics so that the pattern can be considered as random-dominated
in the range 0.5 to 1.5. Only for values lower than 0.5 or higher than 1.5 the block-
wise/alternating contribution is more than 50% and dominates the pattern. These
patterns can then be described as block-wise-dominated and alternating-dominated,
respectively. A completely block-wise or alternating structure is found when the value
drops to 0 or reaches 2, respectively. Although we found a rather small value (Chi B
0.46) for low FA, the term ”block-wise” should be used carefully. In this specific case
only 2% acetylated groups are remaining at the polymeric chain (12 A units, 590 D
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units). If the A units are orientated e.g. in six AA pairs, resulting PA drops easily
to 0.5 due to the higher FAA contribution in the spectrum in comparison to the other
diad intensities. These pairs can be distributed randomly on the chain resulting in a
general random distribution, but these pairs still show a significant FAA intensity in
NMR. For such a low amount of remaining acetyl groups only slight changes can lead
to a strong decrease of the PA value. Generally, we consider a chain with 2% remaining
acetyl groups as nearly completely charged with almost identical behavior like a 100%
de-N -acetylated chain. At FA values of 0.15 or even at 0.5 we would expect classical
block-wise behavior with one charged side and one side covered with uncharged but
H-bond active groups. However, a low PA for FA values higher than 0.1 could not
be found. Hence, the existence of a clear block-wise pattern among commercial de-
N -acetylated samples, de-N -acetylated with varying particle size and re-N -acetylated
samples, studied in this work, could not be found.
Table 8.1: Physicochemical parameters of different chitosan preparations. Molecular weight
before (MW ) and after degradation (MW deg), fraction of acetylation (FA) and pattern of acety-
lation (PA) as well as all diad frequencies (FAA, FAD, FDA, FDD) are shown for all investigated
chitosan samples.
Chitosan MW MW deg FA FAA FAD FDA FDD PA
preparation [kg/mol] [kg/mol]
Chi A 122 6.4 0.08 0.0430 0.1847 0.1847 0.7723 0.79
Chi B 98 6.0 0.02 0.0182 0.0287 0.0287 0.9531 0.46
Chi C 145 7.3 0.06 0.0250 0.1399 0.1399 0.8351 0.81
Chi D 149 6.1 0.13 0.0229 0.2180 0.2180 0.7592 0.96
Chi E 303 26.0 0.04 0.0414 0.1302 0.1302 0.8284 0.68
Chi F 210 8.5 0.15 0.0410 0.2581 0.2581 0.7009 0.91
Chi G 238 33.6 0.18 0.0631 0.3002 0.3002 0.6367 0.89
Chi H 201 15.8 0.02 0.0309 0.0704 0.0704 0.8988 0.57
Chi I 281 16.3 0.13 0.0263 0.2180 0.2180 0.7557 0.93
Chi J 230 12.1 0.22 0.0465 0.3339 0.3339 0.6195 0.99
Chi K 353 6.9 0.07 0.0179 0.1123 0.1123 0.8698 0.82
Chi L 151 10.2 0.14 0.0274 0.2342 0.2342 0.7383 0.96
Chi M 314 12.2 0.12 0.0250 0.2101 0.2101 0.7648 0.93
Chi N 467 6.9 0.16 0.0497 0.2799 0.2799 0.6704 0.91
Chi O 428 28.7 0.16 0.0694 0.2861 0.2861 0.6445 0.85
Chi P 244 8.9 0.03 0.0301 0.1412 0.1412 0.8287 0.78
Chi Q 317 17.1 0.13 0.0595 0.2222 0.2222 0.7183 0.79
Chi R 10.3 6.2 0.48 0.2109 0.5591 0.5591 0.2300 1.12
Chi S 9.7 3.3 0.10 0.0372 0.2344 0.2344 0.7284 0.90
Chi T 19.3 5.5 0.46 0.2057 0.5623 0.5623 0.2320 1.13
Chi U 16.8 4.0 0.10 0.0340 0.2028 0.2028 0.7632 0.87
Chi V 29.7 6.6 0.48 0.2096 0.5536 0.5536 0.2368 1.11
Chi W 26.8 6.2 0.10 0.0294 0.2069 0.2069 0.7637 0.90
Chi X 43.1 5.8 0.44 0.2192 0.5582 0.5582 0.2226 1.12
Chi Y 40.9 5.1 0.10 0.0260 0.2299 0.2299 0.7441 0.95
Chi AX 223 11.0 0.14 0.0754 0.2765 0.2765 0.6481 0.82
Chi AY 194 23.2 0.13 0.0396 0.2353 0.2353 0.7251 0.89
Chi AZ 270 24.1 0.14 0.0300 0.2080 0.2080 0.7620 0.90
Chi BA 245 8.3 0.16 0.0501 0.2601 0.2601 0.6898 0.88
Chi BR 29.9 5.5 0.36 0.1447 0.5328 0.5328 0.3226 1.10
Chi BS 155 3.0 0.38 0.1590 0.5374 0.5374 0.3036 1.10
Chi BT 491 3.8 0.39 0.1356 0.4898 0.4898 0.3745 1.04
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8.4 Conclusion
Within this study we improved and applied the chitosan pattern determination first
shown by V˚arum et al.127. Through implementation of a line-fitting procedure for
13C-NMR data a quantitative determination of signal areas could be presented and
was used for the polymer sequence evaluation185. Furthermore, temperature during
NMR measurements was decreased for simplification. The resulting diad frequencies
were summarized in one single value - PA pattern of acetylation - enabling a much
faster comparison of unknown chitosan preparations. It was shown that all studied
samples had a random-dominated pattern (PA 0.5 to 1.5) although high acetylated
chitosan showed ca. 10% higher contribution of an alternating structure and low acety-
lated samples showed up to 54% stronger contribution of block-wise characteristics than
expected from a pure bernoullian distribution. No evidence for the existence of a com-
pletely block-wise or alternating structure was found although samples were produced
using different processes including de-N -acetylation as well as re-N -acetylation.
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Abstract: Chitosan is a linear copolymer consisting of glucosamine and N -acetyl-
glucosamine units. Its specific biological features make it a very attractive biomaterial
for diverse applications in both pharmaceutics and medicine. The pattern of acetyla-
tion of chitosan samples (PA) can strongly influence their biomedical activities. So far,
three methods of determining the PA value of chitosan samples, based on NMR spec-
troscopy, have been developed. Chitosans with a degree of acetylation (FA) from 0.02
to 0.48 were used to compare these methods. The most suitable and specific method of
PA determination was 13C-NMR based on the intensities of carbon C5 signals. Some
validation parameters specificity, sensitivity, precision (repeatability and reproducibil-
ity) were established. The intra- and inter-day precision of this method depended on
the degree of acetylation of the chitosan samples. It was found to be specific, sensitive,
repeatable and reproducible.
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9.1 Introduction
Chitosan is a polysaccharide obtained by partial or complete N-deacetylation of chitin,
the most abundant natural amino polysaccharide, consisting of N-acetylglucosamine
units linked by β-(1→4) bonds199,200. This polymer contains 2-acetamido- 2-deoxy-β-
D-glucopyranose (GlcNAc) and 2-amino-2-deoxy-β-D-glucopyranose (GlcN) residues
and may be considered to be a random copolymer. Because of its specific biological
properties such as biodegradability, biocompatibility, antibacterial activity, low toxic-
ity and low allergenicity, this biopolymer is used in a variety of applications not only
in cosmetics and the pharmaceutical field201,202,203,204 but also in the food and textile
industries, and in wastewater treatment34,153,205,206. The various industrial sources of
chitin, as well as the processes and conditions under which this polymer is prepared,
cause the physical and chemical properties of chitosan preparations vary83,189,194? .
Knowledge of the microstructure of chitosan samples is essential for an understanding
of the structure-property-activity relationships, and special emphasis is placed on the
chitosans used in biomedical applications. Most of the physical, chemical and biologi-
cal properties depend strongly on the molecularweight, the degree of acetylation (FA)
and probably also on the distribution of the GlcNAc (A) and GlcN (D) units along
the chitosan chain13,207,208. The quantitative measurement of the acetylation pattern
of chitosan samples (PA) is possible using 1H126 or 13C-NMR spectroscopy127. In the
proton spectrum, the neighbouring effect on resonances is visible for the anomeric pro-
ton of GlcNAc (sequences AD and AA) and proton H1 of GlcN (sequences DD and
DA), whereas in the carbon spectrum it is visible for carbon C5 or C6. This anal-
ysis requires sufficiently good signal resolution127,209. The relative intensities of the
experimental sequences AD, DD, AA and DA in the chitosan samples determined by
1H or 13C resonances are normalised according to Bernoullian statistics184,185. If the
statistics are consistent with the Bernoullian model for polymers, the values PA = 0, 1
and 2 respectively indicate a perfect block, a random distribution, and an alternating
distribution of N -acetyl groups along the chitosan chain. As mentioned above, most
of the physical and chemical properties of this polymer depend closely on the degree
of acetylation (FA). A method of FA determination of chitosan samples by 1H-NMR
spectroscopy has been validated210, but no method of PA determination. The aim of
the present study was to compare the 1H and 13C-NMR methods of determining PA.
Some validation parameters of the 13C-NMR technique were also established.
9.2 Materials and methods
Material Eight chitosan samples with an FA parameter ranging from 0.02 to 0.48
were used in this study. Chitosan B and C were purchased from Chipro (Bremen,
Germany), chitosan G from Polymar (Braschaat, Germany), chitosan J from EUTEC
(Emden, Germany), chitosan L from Fluka (Seelze, Germany); chitosan U, V and X
were received from Bioneer (Hørsholm, Denmark). D2O and DCl were obtained from
Deutero GmbH (Kastellaun, Germany), acetic acid and NaNO2 from Fluka (Seelze,
Germany). All the chemicals used were of analytical grade.
Purification of the raw chitosan samples All chitosan samples were dissolved in
aq 0.5 M acetic acid (10 mg chitosan/1 mL, 24 h). The insoluble matter was removed
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by centrifugation (10 min, 3577 g) using an ultracentrifuge (Heraeus Instruments, Ger-
many). The supernatant was passed through a 0.45 μm cellulose nitrate filter (Sarto-
rius, Germany), then lyophilized.
NMR sample preparation The 100 mg portions of purified chitosan samples were
dissolved in 10 mL 0.07 M HCl and stirred at ambient temperature for 24 h. The
solution was then treated with 5 mg NaNO2, stored at room temperature for 4 h and
subsequently lyophilized. Each residue was dissolved in an acidic solution of D2O (1 mL
99.9% D2O and 5 μL DCl) and then lyophilized. The procedure was repeated twice to
enable labile hydrogen to be replaced by deuterium and to minimize the HOD signal
(from the solvent). To make sure if there are no disturbances with remaining NaNO2
salt the additional experiment was performed. The next 100 mg portion of NaNO2
degraded chitosan B sample was subjected to dialysis against distilled water (Spectra-
Por 500 Da, Spectrum Laboratories Inc., USA), lyophilized and exchanged with D2O
for three times before NMR measurement. A 25 mg portion of native chitosan B was
prepared directly for NMR analysis according to the procedure described in a previous
paper209.
Table 9.1: Physicochemical parameters: weight-averaged molecular weight before (MW ) and
after (MW deg) degradation, and the degree of acetylation (FA) of all the chitosan samples inves-
tigated.
Chitosan sample B C U L G J X V
MW [kg/mol] 98 145 16.8 151 238 230 43.1 29.7
MW deg [kg/mol] 6.0 7.3 4.0 10.2 33.6 12.1 5.8 6.6
FA 0.02 0.06 0.10 0.14 0.18 0.22 0.44 0.48
NMR spectroscopy The deuterium-exchanged chitosan samples (5 mg for the 1H-
NMR and 50 mg for the 13C-NMR experiments) were dissolved in a solution made up
of 0.7 ml 99.95% D2O and 4 μl DCl (pD 3.5); 1 h was allowed to elapse to ensure
complete dissolution of the chitosan. There were no problems with the solubility of
chitosan samples under these conditions. Next, the samples were transferred to 5 mm
NMR tubes. For the 13C-NMR analyses acetone was added as the internal standard.
All one-dimensional 1H and 13C-NMR spectra were recorded on a Varian Mercury
400 MHz spectrometer (Palo Alto, USA) equipped with a 16-bit ADC board and 5 mm
Switchable Probe. The measurements were run at 80◦C and 70◦C for the 1H and
13C experiments, respectively. Such a high temperature was used for the 1H spectrum
to prevent interference between the solvent and sample peaks and also to reduce the
viscosity, which affected line width in both types of spectra. After 10 min thermal
equilibrium was achieved and the analysis was performed. An acquisition time of 2 s, a
delay time of 1 s and a pulse width of 7 μs were used. 13C-NMR spectra were recorded
with inverse-gated proton decoupling using the WALTZ-16 sequence which suppressed
the NOE effect and enabled carbon spectra to be obtained for quantitative analysis.
Additionally, complete relaxation of all the carbon atoms was achieved using an acqui-
sition time of 3 s, a delay time of 5 s, and a pulse width of 7 μs. There were 23 936
data points for the proton experiments and 128 000 for the carbon experiments. The
line broadening parameter was not used for the 1H spectrum, and a value of 0.41 Hz
was applied to the 13C spectrum. The proton and carbon spectra were recorded as the
results of 64 and 30 000 scans, respectively. Chemical shifts were expressed relative to
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internal acetone (δH 2.225 ppm, δC 31.45 ppm). The 1H-NMR measurement of each
sample was performed twice: with and without the addition of acetone.
Figure 9.1: 1H-NMR of chitosan - Section
of the anomeric region of the 1H-NMR spectrum
of chitosan V (FA 0.48).
Determination of the degree of
acetylation FA FA was determined
by 1H-NMR spectroscopy according
to the method described by Hirai
et al.125. The proton spectra were
analysed using MestRe-C-4.9.9.9 soft-
ware for PC, as described previously
209,211.
Determination of the pattern of
acetylation PA PA was established
by 1H-NMR126 and 13C-NMR spec-
troscopy127. All spectra were processed
with the software mentioned above211.
A linear drift correlation (Whittaker
Smoother algorithm, smoothing factor
10 000) between 1 and 6 ppm for the
proton spectra and from 0 and 110 ppm
for the carbon spectra were used. The integration boundaries in the 1H-NMR spec-
trum were set manually after inspection of the spectrum. Also applied was a line-fitting
procedure for 13C-NMR spectra (the LevenbergMarquardt non-linear least squares pro-
cedure, Max. Iter.= 100 and Downhill Simplex algorithms, Max. Iter. 200; the signal
width limits -0.25 to 10 Hz with the constraint position within ±10%). Every day the
carbon spectra were analysed by analyst A in two different ways:
1. The fid was Fourier-transformed with a resolution from 0.30 to 0.45 Hz; this was
followed by phase correction of the spectrum using function f1. Next, baseline
correction and line-fitting were applied; this analysis was repeated six times.
2. Only the last step in the analysis of the 13C-NMR spectrum - the line-fitting
procedure - was repeated six times.
Additionally, the carbon spectrum of chitosan G (FA 0.18) was analysed in the same
way by two other analysts (analyst B and analyst C). Analyst B used a resolution
between 1.00 and 2.00Hz during Fourier transformation of the fid. The 1H-NMR and
13C-NMR data were compared with the Bernoullian statistical model for polymers
184,185.
Determination of molecular weight The weight-averaged molecular weights of a
native and NaNO2 degraded chitosan sample were determined by triple detection size-
exclusion chromatography (SEC3) according to the method described previously105.
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9.3 Results and discussion
Three different methods based on 1H-NMR and 13C-NMR spectroscopy were used to
determine the acetylation pattern of chitosan samples (PA)126,127. The resonances for
the protons H1 of GlcNAc (A) and GlcN (D) were recorded in the proton spectrum, and
for carbons C5 or C6 in the carbon spectrum. The relative experimental intensities of
the resonances AA, DD, AA and DA in the chitosan samples were normalized according
to Bernoullian statistics184,185,209:
FAD =
IAD + IDA
IAD + IDA + IAA + IDD
(9.1)
FAA =
IAA
IAD + IDA + IAA + IDD
(9.2)
FDD =
IDD
IAD + IDA + IAA + IDD
(9.3)
where IAD, IDD, IAA and IDA are the respective experimental intensities of signals AD,
DD, AA and DA in the samples. FAD and FDD indicate the probability that two A or
D groups are adjacent to each other, whereas FAD indicates the probability that one
group A has a D neighbor, and vice versa. The data were transformed into one single
parameter PA (Eq. 9.4)185:
PA = PΣ =
FAD
(2 · FAA) + FAD +
FAD
(2 · FDD) + FAD (9.4)
Accurate estimation of PA requires:
1. high-quality NMR spectra,
2. appropriate interpretation of the recorded spectra.
In order to obtain good-quality NMR spectra, the raw chitosan preparations were puri-
fied and the chitosan samples initially depolymerized by nitrous acid. To be certain that
there are no disturbances with remaining NaNO2 salts the 1H and 13C-NMR spectra
of the chitosan B were recorded twice: first for the non dialyzed sample and the second
for the sample prepared as described in Section 2.3. It was observed that obtained
NMR spectra were very similar (the resolution) and the calculated PA parameters were
the same. NaNO2 is inorganic salt and there are no additional signals in proton and
carbon spectra. According to obtained results it was concluded that it is not necessary
to remove NaNO2 from the chitosan sample before NMR measurement. Additionally, a
drop of DCl improved the solubility of chitosan in the D2O solution prepared for NMR
measurement and 1 h was enough to get perfect solubility of the degraded chitosan
samples. The NMR spectra were recorded at a high temperature to reduce viscosity
and thus line width.
9.3.1 MW and FA of the chitosan samples
The weight-averaged molecular weights (MW ) of native and degraded samples were
determined (see Table 1). All chitosan samples were subjected to 1H and 13C-NMR in
order to perform PA analysis. The set of chitosan samples enabled these methods to
be compared and to establish whether the precision was dependent on FA.
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9.3.2 Determination of PA by
1H-NMR spectroscopy
In the 1H-NMR spectrum of chitosan, the anomeric signals of GlcNAc (A) and GlcN (D)
are sensitive to their nearest neighbor126. The signal of GlcNAc is relatively broad due
to its proximity to the rapidly relaxing nitrogen atom, which is in a more asymmetric
environment than in the GlcN residue. The experimental intensities IAD and IAA of
the sequences AD and AA, respectively, were determined from the H1 signal intensities
of GlcNAc and the frequencies IDD and IDA based on the H1 signal intensities of GlcN.
Unfortunately, the resonances of the H-1 of GlcN were not well resolved, so establishing
the frequencies IDD and IDA was a complicated matter.
Figure 9.2: Comparison native vs. de-
graded chitosan - Sections of the 13C-NMR spec-
tra of native (a) and degraded (b) samples of chi-
tosan B (FA 0.02).
IDD and IDA frequencies can be cal-
culated with the help of the intensity
of the H1 signals of GlcN and the fol-
lowing relationships: IAD = IDA and
ID = IDA + IDD, where ID indicates
the intensity of the H1 signals of GlcN
126. The signals of the anomeric pro-
tons of the GlcNAc and GlcN residues
were not sufficiently well resolved in the
1H-NMR spectra of chitosan samples
recorded on a 400MHz NMR spectrom-
eter. Their shapes did not enable the
experimental frequencies IAA, IDD, IAD
and IDA to be determined (Fig.9.1);
this step is essential for calculating the
parameters FAA, FDD and FAD, and
then transforming them into one sin-
gle parameter PA. The correct determi-
nation of PA for chitosan samples was
impossible, so the 1H-NMR technique
using a 400MHz spectrometer is not a
suitable method for determining PA.
9.3.3 Determination of PA by
13C-NMR spectroscopy using carbon
C6 signals
According to the literature127, the intensities of C6 carbon signals can be used to de-
termine the experimental sequences AD, DD, AA and DA along the chitosan chain.
Unfortunately, the only limited depolymerization of chitosan by nitrous acid, a pro-
cedure recommended to enhance NMR spectral resolution, may impair the correct
analysis of the intensities of the C6 signals, and artifact peaks may appear in this part
of the 13C-NMR spectrum209. However, these disadvantages did not prevent the use
of the experimental intensities of C6 signals to determine PA.
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9.3.4 Determination of PA by
13C-NMR spectroscopy using carbon
C5 signals
In the 13C-NMR spectrum of chitosan, the carbon C5 signals also have different chem-
ical shifts, depending on the nature of the neighboring units. As shown in Fig.9.2a,
limited depolymerization is essential to obtain a good quality spectrum; this permits
further analysis and does not result in the appearance of artifact signals in that part
of the 13C-NMR spectrum containing the carbon C5 signals (Fig.9.2b). Analysis of C5
signal intensities is specific and enables PA to be estimated accurately. In addition, the
C5 signals representing the sequences AD, DD, AA and DA in the 13C-NMR spectra
were much better resolved than the H1 signals of GlcNAc and GlcN representing the
same sequences in the 1H-NMR spectra (Fig.9.1). Thus, 13C-NMR spectroscopy based
on the analysis of carbon C5 signals is clearly the most suitable method for determining
PA. During a typical PA determination by 13C-NMR spectroscopy the carbon spectrum
of the chitosan sample is recorded only once, because these analyses are very costly.
Knowledge of the sensitivity and precision (repeatability and reproducibility) of this
method is very important.
9.3.5 Sensitivity
The method’s sensitivity was tested on chitosan samples with a degree of acetylation
from 0.02 to 0.48. The intensities of the frequencies DA, AA and AD of carbon C5
increase, whereas the intensity of the DD sequence decreases for chitosan samples with
higher values of FA (Fig.9.3). The small signal between DD and AA peaks visible in
the carbon spectrum is probably an effect of the resonance due to one of the following
sequences: ADDD, DADD, DDDA or DDAD. The assumption was made because the
intensity of this signal decreases for chitosan samples of high FA 127. This signal also
appears in the carbon spectra of native chitosans209. It means that it is not an artefact
after degradation of chitosan with NaNO2.
Table 9.2: Intra-day (n = 6) and inter-day (n = 18) precision test expressed as RSD%. The
analyses of the carbon spectra were performed by the same analyst (analyst A).
Chitosan Repetition of line-fitting only Repetition of the whole carbon spectrum analysis
samples Mean PA Intra-day Mean PA Inter-day Mean PA Intra-day Mean PA Inter-day
precision precision precision precision
(n = 6) (n = 18) (n = 6) (n = 18)
B [0.02] 0.42 3.45 0.41 7.95 0.41 7.95 0.40 12.76
C [0.06] 0.76 2.83 0.77 6.54 0.76 8.36 0.78 7.74
U [0.10] 0.85 2.51 0.86 3.88 0.87 3.98 0.87 2.98
L [0.14] 0.96 1.17 0.96 2.23 0.96 1.72 0.96 2.47
G [0.18] 0.90 1.74 0.91 2.26 0.90 2.22 0.92 2.92
J [0.22] 0.96 0.99 0.97 1.95 0.97 1.20 0.98 2.04
X [0.44] 1.11 0.62 1.12 1.63 1.11 0.73 1.11 1.85
V [0.48] 1.11 0.57 1.11 0.66 1.11 0.57 1.11 0.75
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9.3.6 Precision
In the present study, eight chitosan samples with FA from 0.02 to 0.48 were used to test
the intra-day and inter-day precision of the PA determination. Every day the carbon
spectra were analysed by analyst A in two different ways (see Experimental section).
The last step of this analysisthe line-fitting procedureis illustrated in Fig.9.4. Each
of these steps can exert a different influence on the PA results, so the intra-day and
inter-day precision of the analysis of the 13C-NMR spectra were tested by repeating
only the line-fitting procedure in the carbon spectra. Table 9.2 lists the mean values
of PA, SD and the RSD% of PA obtained for chitosan samples in the intra-day and
the inter-day precision tests. The data obtained clearly indicate that the intra-day and
inter-day precision of the PA determination using 13C-NMR spectra depended on the
degree of acetylation of the chitosan samples. For example, the RSD% of PA in the
interday precision test was the highest for chitosan B (FA 0.02; RSD% of PA < 12.75)
and the lowest for chitosan V (FA 0.48, RSD% of PA < 0.72) (Table 9.2).
Figure 9.3: Extracts of 13C-NMR spectra
- C5 regions of the 13C-NMR spectra of chitosans
with different FA. (a) Chitosan C, FA = 0.06; (b)
chitosan G, FA = 0.18; (c) chitosan V, FA = 0.48.
This is due to the lower signal-to-noise
ratio (S/N) of signals DA, AA and AD
for chitosans of low FA. For exam-
ple, the S/N ratios of signals DA, AA
and AD in the carbon spectrum of chi-
tosan B (FA 0.02) were 9.4, 14.2 and
8.4, respectively, whereas for chitosan
V (FA 0.48) they were 78.1, 53.5, and
75.3. The lower RSD% of PA for chi-
tosan L (Fig.9.4) compared to those ob-
tained for chitosan G (Fig.9.3b) were
the result of the good-quality carbon
spectrum for chitosan L. Comparison
of the RSD% of the PA values ob-
tained in the intra- and inter-day pre-
cision test, when the whole analysis
of the carbon spectra was performed,
with those when only the line-fitting
procedure was repeated indicated that
phase adjustment and baseline correc-
tion of the carbon spectra strongly in-
fluenced the precision of the method,
especially for chitosans of low FA (Ta-
ble 9.2). The S/N ratios of signals DA,
AA and DA probably changed, thereby
adversely affecting the correct estima-
tion of their intensities. The repro-
ducibility of PA determination by 13C-
NMR spectroscopy was also tested by
the having the same carbon spectrum
investigated by three analysts: A, B
and C. Table 9.3 sets out the mean PA,
and the RSD% values for chitosan G (FA 0.18) obtained by three analysts in the intra-
day and inter-day precision tests. The results were very similar, apart from the higher
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RSD% obtained by analyst B. The resolution between 1.00 and 2.00 Hz used by ana-
lyst B during Fourier transformation of the fid may have been too low, which precluded
more precise results. The use of the correct parameters during carbon spectrum anal-
ysis allows reproducible results to be obtained. The results of this study show that the
method of PA determination using the intensities of signals in the carbon spectrum of
chitosan is sensitive, repeatable and reproducible.
Table 9.3: Comparison of mean values of PA and RSD% of PA in intra-day (n = 6) and inter-
day (n = 18) precision tests obtained from carbon spectrum analyses of chitosan G (FA = 0.18)
performed by three different analysts (A, B and C).
Chitosan G [0.18] Repetition of the whole carbon spectrum analysis
Mean PA Intra-day Mean PA Inter-day
precision precision
(n = 6) (n = 18)
Analyst A 0.90 2.22 0.92 2.92
Analyst B 0.91 3.95 0.93 5.37
Analyst C 0.92 1.87 0.92 1.81
9.4 Conclusion
Figure 9.4: Line-fitting of the C5 region -
Line-fitting procedure in the C5 region of the 13C-
NMR spectrum of chitosan L (FA = 0.14)
The pattern of acetylation (PA) of chi-
tosan samples can be determined using
either 13C or 1H-NMR spectroscopy.
Comparison of these methods indicates
clearly that the method based on car-
bon C5 signal analysis is the most suit-
able and most specific. The intraday
and inter-day precision of PA deter-
mination using 13C-NMR spectra var-
ied depending on the degree of acety-
lation of chitosan samples. RSD% of
PA was the highest for chitosans with
the lowest FA (FA = 0.02, RSD% of PA
< 12.76), and the lowest for chitosans
with the highest FA (FA 0.48, RSD% of
PA < 0.75). This is due to the low val-
ues of the signal-to-noise ratio of signals
DA, AA, and AD for chitosans of low FA. Phase adjustment and baseline correction
of the carbon spectra may have had a strong influence on the values of PA obtained,
especially for chitosans with a low degree of acetylation. The variation between the
results was also due to the line-fitting procedure. The reproducibility of PA determina-
tion was found to be good. The method for determining the pattern of acetylation of
chitosan samples based on C5 signals is specific, sensitive, repeatable and reproducible.
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Abstract: Chitosan, a natural polyelectrolyte with manyfold applications, is often
described as a semi-flexible copolymer with linear chain behavior. Knowledge of the
conformation of this polymer is relevant for viscosity-based molecular weight measure-
ments as well as for gelation studies and use as thickener. However, conformational
studies reveal a higher variety from compact to relatively stiff chain behavior than
expected from the given structure. In this study, we found on the one hand semi-
flexible chain behavior and on the other hand dextran-like compact behavior using a
size-exclusion chromatography (SEC) system with online triple detection array (refrac-
tive index (RI), right and low angle light scattering (RALS, LALS) and viscometry
detection). Using different theoretical models different Kuhn segment lengths lK were
found for the ”semi-flexible” sample: 24 nm using the Benoit-Doty model and Rg-M
data, 19 nm using the Odijk-Houwart model and Rg-M data as well as 17.5 nm using
the Bohdanecky´ model and [η]-M data. Our results are in accordance with the expected
behavior of semi-flexible linear chains from literature. However, the ”compact” sample
showed values of 9.8 nm in the high molecular weight part with similarity to reports
on dextran.
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10.1 Introduction
Conformation of polymers in solution influences strongly macroscopic polymer effects
like viscosity. The elucidation of this dependence is important for understanding poly-
mer functionalities and for designing semi-flexible and stiff polymers employed in the
pharmaceutical, food, and chemical industries, as thickeners and for film forming.
The biopolymer chitosan, a cationic polyelectrolyte consisting of (1→4)-2-amino-2-
deoxy-β-D-glucan (GlcN) and (1→4)-2-acetamido-2-deoxy-β-D-glucan (GlcNAc) units,
is known as a relatively stiff polymer. It is usually produced by de-N -acetylation of
chitin in hot alkali solutions. Depending on source of chitin and process parameters
different, chitosan preparations are obtained with largely varying characteristics. Con-
formational aspects were studied by several groups; however, some specific chitosan
dependant difficulties prevented a clear prediction which are in particular: a broad
molecular weight distribution, missing standard samples, and solubility in a few sol-
vents only. Up to now it is controversial whether the conformation of chitosan differs
with the number of acetyl-groups (expressed as mole fraction of acetylation FA) in re-
spect to conformational parameters like persistence length Lp or Kuhn segment length
lK . Conformational analysis with different de-N -acetylated samples were carried out
using the Mark-Houwink plot (M-H plot), where the molecular weight is plotted to-
gether against the intrinsic viscosity [η] in a double logarithmic plot. The resulting
Mark-Houwink (M-H) constants such as (a) and (K) indicate conformational changes
of the analyzed polymer sample. In case of chitosan a literature survey reveals large
differences in M-H constants and even contradictory results. Wang et al.78 studied four
samples with different FA and observed linear M-H plots with the slope (a) between
0.81 and 1.12. In another study Anthonsen et al.159 found linear plots with (a) between
0.58 and 1.06 for three samples with different FA. In both cases the decrease of FA
resulted in a decrease of the (a) value, which indicates an increasing stiffness for highly
acetylated samples. On the contrary, Rinaudo et al.86 investigated three samples with
different FA but observed a linear plot with (a) of 0.93 and superimposition of all three
samples. First indications for non-linear behaviors were observed by Chen et al.141.
They found breakpoints in the M-H plot in presence of different salts (urea). The (a)
value changed here in one step from 0.68 to 1 at a specific molecular weight. Non-linear
behavior but similar hydrodynamic behavior for samples with different FA were also
found by Berth et al.83. Within this report all samples showed a decrease of (a) with
an increase of molecular weight. The slopes changed with no relation to the FA from
0.5 to approx. 1 at the lowest molecular weight. Similar non-linear behavior was found
by Weinhold et al.105,192 and Christensen et al.80 with (a) values ranging from 0.5 to
1.2 and 0.8 to 1.15, respectively.
Considering these strong deviations between reported literature values of M-H constants
it is not surprising to find similar differences in reports about the Kuhn segment length
lK . Here values of 10 nm86, 12-25 nm83, 22-30 nm104 up to 60 nm212 and 30-80 nm213
were reported, however, the rather high values could be ascribed to aggregated mate-
rial later on. Previous reports found values between 8.6-11.6 nm84, 6-28.8 nm90 and
8-16.4 nm80 if perturbed or unperturbed dimensions, different FA and different degree
of polymerizations DP were considered, respectively.
In this study, we intend to elucidate polymer stiffness by a size exclusion chromatogra-
phy (SEC) connected on-line with a triple detection array with right (90◦) and low (7◦)
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angle light scattering (RALS, LALS) and viscosimetry, in contrary to former investi-
gations. The first part deals with the M-H behavior of unfractionated and fractionated
commercial chitosan samples and its dependence on FA. In the second part the ex-
perimentally obtained results on radius of gyration Rg and molecular weight MW are
compared to theoretical approaches in order to determine the stiffness parameter lK
for two samples.
10.2 Material and methods
Material Chitosan D [0.13] (the number in brackets denotes the FA) were purchased
from Chipro (Bremen, Germany), and Chi BU [0.19] was received from Heppe-Medical-
Chitosan HMC (Halle, Germany). Sodium acetate, ethanol, acetic acid anhydride,
ethylene glycol and acetic acid were obtained from Fluka (Germany). Ammonia (25 %)
was purchased from Merck KGaA (Germany). All reagents used were of analytical
grade.
Preparations of re-N -acetylated samples Initial chitosan was redissolved in 0.1 M
acetic acid (200 mL) and diluted with methanol (250 mL). Then 50 mL methanol con-
taining the amount of acetic anhydride required to give the target level of N -acetylation
(calculated assuming a reaction efficiency of 100%). After stirring for 24 h at room tem-
perature the product was precipitated by addition of diluted NH3 solution and finally
centrifuged. The samples were washed three times with water (pH = 10, NH3 added)
followed by freeze drying.
Purification of chitosan Received chitosan preparations did sometimes contain a
few percentage of insoluble matter. To get rid of this impurity insoluble matter was
removed in the following way. Chitosan powder was dissolved in 0.5 M acetic acid
(10 g/L) for 24 h. The clear solution was centrifuged 10 min (3,577 g) with an ultra-
centrifuge (Heraeus Instruments, Germany) and the supernatant was filtered through
a 0.45 μm cellulose nitrate filter (Sartorius, Germany). The final products were then
lyophilized.
Determination of the fraction of acetylation FA The FA was determined by 1H-
NMR spectroscopy according to the method of Hirai et al.125. Chitosan samples were
dissolved in D2O/DCl and NMR-spectra were recorded on a Bruker AVANCE WB-360
(8.4 Tesla) spectrometer (360 MHz) and FA values were obtained as described previ-
ously105.
Molecular weight determination SEC3 The biopolymer analysis was performed on
a triple detection size-exclusion chromatography system (SEC3, Viscotek, USA) con-
sisting of an online two channel degasser, a high pressure pump, an autosampler (all
parts integrated in the GPCmax, Viscotek, USA), a 0.5 μm stainless steel in-line filter
with a nylon membrane, two serially connected ViscoGEL columns (PWXL mixed bed
6-13 μm methacrylate particles, 7.8×300 mm), a temperature controlled triple detector
array (TDAmax 305, Viscotek, USA) with a differential refractometer at λ = 660 nm
(RID 3580), a right angle (90◦) light scattering detector (RALS) and a low angle (7◦)
light scattering detector (LALS 270-03) with a semiconductor laser diode at λ = 670 nm
and a four capillary, differential Wheatstone bridge viscometer. The SEC conditions
were as follows: a degassed 0.3 M CH3COOH/0.3 M CH3COONa buffer (pH=4.5) with
1 % ethylene glycol was used as eluent, the sample concentration was 0.3-1 mg/mL and
samples were dissolved for 24 h under shaking, injection volumes varied from 10 to 100
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μL, flow rate was maintained at 0.7 mL/min, and the column and detector tempera-
ture were kept at 30◦C. Before injection, the sample solutions were filtered through a
0.45 μm cellulose nitrate disposable membrane (Sartorius, Germany). To ensure a low
light scattering noise level the eluent was filtrated through a 16-40 μm glass filter. A
polyethylene oxide standard (MW = 22,411, [η] = 0.384 dL/g, MW /MN = 1.03) was
used to normalize the viscometer and the light scattering detector. Data acquisition
and processing were carried out by use of the OmniSEC 4.1 software (Viscotek Corpo-
ration). A dn/dc of 0.163 was used for the Mw calculation86. Within this study the
laser was calibrated using Rθ of toluene (1.402·10−5 cm−1 obtained at 90◦ using 632.8
nm laser light108).
At chitosan polymer radii higher than roughly 15 nm the intensity of the scattered
light underlies an angular dependence. For this case the real molecular weight can only
be obtained at 0◦ (sin2(θ/2) = 0) of the backscattered light. However, this is techni-
cal impossible and the way to get the real molecular weight can be achieved with two
strategies. First, the backscattered light is measured at more than three different angles
(up to 18) and the molecular weight is obtained through different fitting methods and
an extrapolation to (sin2(θ/2) = 0). Second, the detector is orientated at a rather small
angle (7◦, (sin2(θ/2) = 0.0037) and the measured light is treated as the 0◦ intensity
without any curve fitting (the small error which applies here is ignored). In this study
the molecular weight was determined according to the second strategy.
Fractionation of chitosan The biopolymer fractions were made on a RI-SEC system
(Knauer, Germany) with two serially connected columns (PSS Novema 3000 and 1000A˚,
8×300 mm) or with one preparative column (PSS Novema 3000A˚, 30×300 mm). The
samples were detected by a differential refractometer (Knauer 2300, λ = 950 nm)
and fractions were collected by a Retriever 500 fraction collector (Axel Semrau GmbH,
Spockho¨vel, Germany). Received fractions were analyzed on the triple detection system
afterwards.
1. Conformational analysis: Mark-Houwink plot The intrinsic viscosity [η]
measured in a specific solvent is related to the molecular weight M by the Mark-Houwink
equation.
[η] = K ·Ma (10.1)
The so-called Mark-Houwink constants (K) and (a) depend upon the type of polymer,
solvent and the temperature used during the viscosity measurement. The plot of the
log [η] vs. log M typically gives a straight line with slope (a) and intercept log (K).
The slope (a) can vary from 0 (compact sphere) over 0.65-0.85 (random coil) to 1.8
(very stiff chain) revealing information about the polymer conformation in solution.
Within the triple detection system values for molecular weight and intrinsic viscosities
are determined constantly during a chromatographic run of one polydisperse sample.
By use of separation columns molecules with different molecular weights are retained
on the column depending on their hydrodynamic shape so that nearly monodisperse
fractions enter the detector cell successively. The obtained data show a significant in-
crease of data points in comparison to batch methods. It therefore allows an improved
comparison with theoretical models and a more reliable conformational analysis than
data obtained from polydisperse samples and batch methods.
2. Conformational analysis: Worm-like chain model The conformation tran-
sition between random coils and rigid rods may be explained by the Benoit-Doty145
theory for the Kratky-Porod146 chain or the wormlike polymer chains, which are the
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most typical models proposed for semiflexible polymers. According to the theory, Rg
of unperturbed polymer chains is given by
R2g =
lKL
6
− l
2
K
4
+
l3K
4L
·
[
1− lK
2L
· (1− e−2L/lK )
]
(10.2)
where lK is the Kuhn segment length (lK = 2Lp), which is used as a measure of chain
stiffness of the polymer and L is the contour length defined as L = MW /ML and L =
lKNK where NK is the number of Kuhn segments. For a given lK the L and Rg values
can be calculated theoretically and are compared to a set of L and Rg data received
from the experiment. When accordance between theory and experiment is found the
lK is obtained.
A convenient method to estimate Lp from the molar mass dependence of Rg is the
Odijk-Houwart model142,143. In the Odijk-Houwart model, the total persistence length
Lp,T of worm-like polyelectrolyte chains is the sum of two contributions:
Lp,T = Lp,0 + Lp,e (10.3)
Lp,0 is the intrinsic persistence length corresponding to an equivalent neutral chain in
which all of the electrostatic interactions are screened out. The second one Lp,e is the
electrostatic contribution to the total persistence length due to the electrostatic short-
range interactions, which depend on the ionic strength. The complete calculation to
determine Lp,0 of a polyelectrolyte is reported by Fouissac et al.214, Mendichi at al.
215 and Berth et al.83. We used the approximation of R2g shown by Ghosh et al.
216 to
calculate the contribution of the ionic strength and thus the intrinsic persistence length
Lp,0:
R2g =
L
3
(
Lp,0 +
30.7
C0.5s
)
(10.4)
where Cs is the salt concentration in mM and L the contour length. When accordance
between theory and experiment is found the Lp,0 or lK,0 is obtained.
3. Conformational analysis: Bohdanecky´ approach To simplify the calculation
procedures, we used the approximation of the wormlike chain model introduced by
Bohdanecky´147. According to the model, (M2/[η])1/3 is a linear function of M1/2(
M2
[η]
)1/3
= Aη + BηM1/2 (10.5)
Aη = A0MLΦ
−1/3
0,∞ (10.6)
Bη = B0Φ
−1/3
0,∞
(
2Lp
ML
)−1/2
(10.7)
Φ0,∞ is the limiting value of the Flory viscosity constant and equals 2.86·1023. A0 and
B0 are known functions of the reduced hydrodynamic diameter (dr), and in practice
B0 can be replaced by a mean value (1.05). Lp (Lp = 0.5 lK) is the persistence length,
and ML is the molar mass per unit of contour length which can be calculated as follows
ML =
FA ·MGlcNAc + (1− FA) ·MGlcN
b
(10.8)
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Figure 10.1: Mark-Houwink plots - (a)
Chromatogram of the initial sample Chi D (black)
and three selected fractions (red, green blue) taken
from this sample. (b) Mark-Houwink plots for ev-
ery sample. The slope of every fraction as well as
its polydispersity are shown. (c) Dependence of
the M-H slope with the mean molecular weight of
several fractions from Chi D with different FA af-
ter re- or de-N -acetylation. The slope is decreasing
with an increase of the molecular weight, however,
comparison between different FA with the same
molecular weight show only slight dependancy on
FA. Numbers in the plot refer to polydispersity
indexes.
MGlcNAc and MGlcN are the monomer
weights of intra-chain N -acetyl glu-
cosamine (203 g/mol) and glucosamine
(acetate salt, 221 g/mol) residues, re-
spectively, and b is the average bond
length (0.515 nm). Experimental data
are plotted as described above and
the obtained lines are fitted accord-
ing to linear regression. From the re-
sulting slope Bη the lK can be calcu-
lated.
The hydrodynamic radius Rh was cal-
culated through combination of online
viscometer and the light scattering de-
tector and resulted in Rh values for ev-
ery elution slice:
Rh =
[
3
4π
(
[η]M
0.025
)]1/3
(10.9)
10.3 Results and discus-
sion
10.3.1 Comparison of Mark-
Houwink plots
Among six different chitosan prepa-
rations described elsewhere105 we se-
lected two samples for the confor-
mational analysis including molecu-
lar weight and viscosity data in or-
der to compare their Mark-Houwink
plots (M-H) (Fig. 10.1b). As reported
previously105 every sample showed a
non-linear M-H plot, however, with
specific curvature for different sam-
ples. To highlight this effect we
want to discuss the M-H plot of sam-
ple Chi D in detail, which showed
the strongest curvature at decreas-
ing slope for increasing molecular
weight(Fig. 10.1b).
The rather strong decrease of the slope
over the whole molecular weight range, found for sample Chi D, needs extra comment.
Since chitosan shows a trend to aggregate in solution92, an aggregation process would
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yield in a more compact material accompanied by a decrease of viscosity. Therefore, the
expected effect would show similar effects on the M-H plot. However, strong pre-peaks
in the detector responses (especially in the light scattering detector) and an increase
or curvature of the log M distribution over the retention volume indicate the presence
of aggregates. These effects were completely absent for the measured samples (see also
electronic supplementary information). Yanagisawa et al.217 showed that the absence
of aggregates is an important prerequisite for a reliable conformational analysis. To
avoid any accidentally occurrence of aggregated material we started to filter the sample
solutions carefully. Although the sample solution was already filtered before analysis
(0.45 μm) and the observed M-H plot was reproducible in several injections, we tried
a further filtering to eliminate any uncertainty. The same sample solution was filtered
(0.2 μm), injected in a semi-preparative chromatography system with two columns,
fractions were collected and the eluted fraction was subsequently analyzed with the
triple detector system described above. From the low polydispersity (1.1 up to 1.5) of
the fractions we can exclude any possible entanglement between low and high molec-
ular weight chains leading to an aggregation. Additionally, aggregates would collapse
under such high shear stress (1.5 mL/min, three gel columns) or are not retained from
the gel columns and filters, respectively. The fact that we received ideal Gaussian
detector responses for the fractions (see electronic supplementary information) is in
accordance to the identical overlay of the M-H segments in comparison to the initial
sample (Fig. 10.1b). At no time we found an evidence that the observed curvature was
caused by aggregated material.
Obtained plots showed nearly identical behavior for the initial sample as well as for
the fractions with polydispersity indices between 1.15 and 1.41 (Fig. 10.1b and c). The
highest fraction of 402 kg/mol had the lowest slope of 0.4 followed by 200 kg/mol with
0.57 and 126 kg/mol with 0.66. Fragments of the M-H plot showed a clear superimpo-
sition with data of the initial sample. Considering the Gaussian peak shapes without
signs of bimodal distribution of the elution profiles as well as the linear behavior of
log Rh and log M over the retention volume (Fig. 10.1a), we have no doubt that this
behavior is no artefact and must be ascribed to some intrinsic property of the sample.
Table 10.1: Physicochemical parameters of the chitosan samples used for conformational anal-
ysis. MW - weight averaged molecular weight, MN - number averaged molecular weight, MW /MN
- polydispersity, DPW - degree of polymerization, FA - fraction of acetylation, [η] - intrinsic vis-
cosity, νg - slope of the Rg-M plot, M-H a - slope of the [η]-M plot, ML - mass per unit of contour
length, Rg,h - radius of gyration and hydrodynamic radius, respectively.
Sample MW MN MW /MN DPW FA [η] νg M-H a ML Rg Rh
[kg/mol] [kg/mol] [mL/g] [g/mol·nm] [nm] [nm]
Chi BU 956 589 1.6 5262 0.19 1524 0.59 0.55-0.74 422 88 59
Chi D 112 48 2.4 641 0.13 282 0.46 0.47-1.0 424 27 16
In order to investigate the dependence of the M-H slope on the FA, Chi D was re-
and de-N -acetylated and the obtained products were fractionated as described above.
The slope of the fractions decreased with increasing molecular weight and only slight
differences could be observed for different FA indicating a small impact of FA on confor-
mation in a 0.3 M acetic acid buffer solution. This confirms results of previous studies
80,83,217, which also observed little contribution to chain stiffness by a change of FA.
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Figure 10.2: Behavior of Rg in depen-
dence of LW - (a) Conformational plot using the
worm-like chain model: Radius of gyration (Rg)
and contour lenghts (Lw) are shown for three cal-
culated curves with Kuhn segment lengths (lK)
of 24 nm (solid line), 15 nm (dashed line) and
10 nm (dotted line). The grey dash dotted line
was obtained using Odijk’s model with a lK of
19 nm. Experimental values are shown for two dif-
ferent chitosan preparations Chi D (red open cir-
cles) and Chi BU (dark blue open circles). (b)
Mark-Houwink plot for initial Chi BU as well as
Chi D. (c) Bohdanecky plot for Chi BU and Chi
D. Both lines were cut into four and five extracts,
respectively, to improve the quality of the subse-
quential linear fit of the curved plot. Kuhn segment
lengths (lK) were determined for each extract sep-
arately (see Tab.10.2).
More often the pattern of acetylation
PA is discussed to show some influence
on conformation in solution. Block-
wise distributed acetyl groups show a
different charge distribution in compar-
ison to random copolymers. However,
it could be shown that the used chi-
tosan preparation showed completely
random pattern characteristics218.
Thus, the observed curvature of the M-
H plot could neither be correlated to a
change of the FA, a different pattern of
acetylation PA nor to an artefact of an
aggregation process.
10.3.2 Comparison of experi-
mental data with the worm-like
chain model
In triple detection chromatography ex-
periments the weight-averaged degree
of polymerization DPW (or LW ) of each
elution slice can be measured simulta-
neously with the Rg (as well as Rh and
[η]) of this specific slice. If ideal be-
havior during chromatography applies,
molecules are separated linearly with
their hydrodynamic shape and each elu-
tion slice can be considered as a nearly
monodisperse fraction. This yields into
a set of numerous data with given pa-
rameters (LW , Rg) for almost monodis-
perse fractions which cover a broad
molecular weight range (depending on
the overall MW /MN of the sample).
These data can be easily compared to
theoretical approaches like the worm-
like chain model where Rg can be calcu-
lated for semi-flexible polymer chains.
The advantage of this comparison is
that stiffness parameters like the per-
sistence length Lp or the Kuhn segment
length lK can be deduced from the the-
oretical curve if superimposition with
experimental data is found.
Fig. 10.2a shows the comparison of two
different chitosan preparations Chi BU
and Chi D. Conformation plots (Rg vs
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LW ) were shown for each sample together with three calculated curves according to the
Benoit-Doty model with Kuhn segment lengths (lK) of 24 nm (solid line), 15 nm (dashed
line) and 10 nm (dotted line) according to equation 10.2. The experimental curve of
Chi BU and the theoretical curve for lK of 24 nm showed almost identical behavior.
Some deviations can be seen at the highest and lowest branch of the line, which can
be attributed to low polymer concentration at the edges of the chromatographic peak.
Using equation 10.4 for the calculation of the intrinsic Kuhn segment lengths (lK,0)
(grey dashed-dotted line in Fig. 10.2a) a perfect overlay with experimental data of Chi
BU is obtained for a value of 19 nm. More interesting, the experimental curve of Chi
D shows a complete different behavior. The slope of this curve is too low to fit to one
of the theoretical curves and crosses all three curves instead.
Figure 10.3: Elution behavior - (a) RI-
chromatograms of Chi BU (grey) and Chi D
(black). (b) Behavior of the hydrodynamic radius
Rh and radius of gyration Rg for sample D and
BU.
According to the Benoit-Doty model
the lK for Chi BU is 24 nm and lK,0 is
19 nm using the Odijk-Houwart model,
respectively. However, it was not pos-
sible to predict a constant lK for Chi
D, since there is no accordance to a
single theoretical curve. Moreover this
problem illustrates how difficult it is
to obtain precise stiffness parameters
from this method, especially for non-
standard polymer behavior, so that we
decided to apply a variant or simplifi-
cation of the worm-like chain model in-
troduced by Bohdanecky´.
10.3.3 Comparison of stiffness
parameters using Bohdanecky´‘s
simplification
The main advantage of the Bohdanecky´
approach is to get lK values in a more
convenient and more accurate way by
fitting experimental curves and calcu-
lation of lK from the slope of these
curves. However, this requires not only
molecular weight data but also viscos-
ity data for the same slice fractions.
Thanks to the application of a triple
detector chromatography system this is
no serious problem. Due to this we
could use exactly the same set of data we used for the comparison of the Benoit-
Doty model.
The curve of Chi D exhibited a strong curvature in the Bohdanecky´ plot similar to
the curvature in the M-H plot shown before (Fig. 10.2c). To be able to fit this curved
plot more accurately, we cut the set of data in four and five extracts for both sam-
ples, respectively. For these extracts linear curve fitting was used and received results
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Table 10.2: Parameters of chitosan extracts of two different chitosan preparations (Chi D and
Chi BU). Bη - slope of the Bohdanecky´ plot (see Fig.10.2c), FA - fraction of acetylation, ML -
molar mass per contour length, lK - Kuhn segment length, Lp - persistence length, highest/lowest
M - upper and lowest molecular weight of the selected extracts, R2 - correlation coefficent from
the linear fit in Fig.10.2c.
Chitosan Bη FA ML lK Lp highest M lowest M R
2
extracts [g1/2/mol1/6·mL1/3] [g/mol·nm] [nm] [nm] [kg/mol] [kg/mol]
Chi BUext1 0.808 0.19 422 16.4 8.2 2837 1433 0.9995
Chi BUext2 0.810 0.19 422 16.4 8.2 1433 780 0.9999
Chi BUext3 0.768 0.19 422 18.2 9.1 780 432 0.9995
Chi BUext4 0.755 0.19 422 18.8 9.4 430 226 0.9996
Chi Dext1 1.048 0.13 424 9.8 4.9 980 370 0.9995
Chi Dext2 0.900 0.13 424 13.4 6.7 370 170 0.9998
Chi Dext3 0.845 0.13 424 15.2 7.6 170 90 1
Chi Dext4 0.821 0.13 424 16.0 8.0 90 49 0.9999
Chi Dext5 0.790 0.13 424 17.2 8.6 49 25 0.9986
are summarized in Tab. 10.2. The ”low” molecular weight regime of Chi BU (226-
430 kg/mol) showed the highest lK value of 18.8 nm and decreased only slightly in the
rather high molecular weight regime (1433-2837 kg/mol) to 16.4 nm. Similar values
of 17.2 nm were found for the low molecular weight regime (25-49 kg/mol) of Chi D.
However, at increasing molecular weight the lK drops quite strongly to the lowest value
of 9.8 nm (370-980 kg/mol).
Comparing the average value of Chi BU 17.5 nm with the values obtained from Benoit-
Doty (24 nm) and Odijk-Houwart model (19 nm) reveals a tendency to a lower segment
length after use of [η]-M data than for Rg-M data. A similar effect was also observed
by Mendichi et al.215. However, the values of Chi D differ again especially in the high
molecular weight regime where the segment length is just the half of the length of Chi
BU for comparable molecular weights (9.8 nm vs. 18.2 nm). For low molecular weights
the segment length (17.3 nm) seems to adopt the Chi BU average value of 17.5 nm. This
finding is similar to data of dextran219. Power law behavior seems to be approached
only in the small molar mass region. The effect of branching in dextran becomes notice-
able at molar masses roughly between 104-105 g/mol while at lower molecular weights
the chain shows its linear power law behavior. The second similarity was found in the
exponent ν from Rg-M dependence (Fig. 10.2a). Values for dextran (0.40-0.44219) are
comparable to the found value of Chi D (0.46), in contrast, the exponent of Chi BU
(0.59) is identical to the value typical found for linear chains (0.588220). Apart from
this, similar effects could be seen for the typical linear polymer cellulose? . While sev-
eral cellulose pulp samples had exponents between 0.57 - 0.59 in this publication, the
softwood bleached kraft pulp (SBKP) showed also a quite low slope in the high molec-
ular weight region (0.41). The authors concluded that some compact structures like
branches or cross-linkages are present in the high molecular weight region of this sample.
The radii of gyration Rg and the hydrodynamic radius Rh are plotted against the molar
mass M in Fig. 10.3b. Chi BU shows parallel lines for both radii which are generally
found for linear chains221 (Fig. 10.3b). Strikingly, the curves for Chi D have not the
same slopes (νg = 0.46, νh = 0.54) and convergent behavior of the lines is typically
found in branched molecules151,219. At low molecular weights no difference between
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both samples are visible likewise for lK obtained from the Bohdanecky´ plot.
According to the conformational analysis, which incorporates Rg, Rh, [η] and M data,
we found a significant deviation from linear chain behavior for Chi D in contrast to
Chi BU. Additionally, in Fig. 10.3a the different hydrodynamic-mass relation of both
samples eluted by chromatography can be recognized. Both lines intersect so that at
low retention times Chi D shows slightly higher molar mass than Chi BU for the same
elution slice at similar hydrodynamic shape.
Recent studies51 of chitin showed linear power law behavior and lK values (Rg-M data)
comparable to findings of Chi BU (Tab. 10.3). The conformational deviation from
linear chain behavior of the high molecular weight part of Chi D may be explained
by appearance of some branches or cross-linkages in the molecule so that they behave
different than molecular-dispersed states. On the one hand, it needs to be clarified
whether occurrence of slightly branched chains may vary with the source of chitin in
different organisms and can be considered as a natural but rare property of chitin. On
the other hand, it may appear during reaction in concentrated NaOH solutions used
for de-N -acetylation and the branching or cross-linking is a process-induced effect.
Table 10.3: Comparison of stiffness parameters of cellulose type (β-1→4) polymers obtained
from literature using Rg-M as well as [η]-M data.
Type of polymer Solvent lK [nm] lK [nm] Source
from (Rg-M data) from ([η]-M data)
Chitosan 0.3 M HAc/NaAc 19-24 9.8 - 18.8 this work
Chitosan 0.2 M HAc/NH4Ac 8-16.4 10.2-16.2 80
Chitosan 0.2 M HAc/ 6-28.8 90
0.15 M NH4Ac
Chitosan 0.2 M HAc/NaAc 32 222
Chitin 2.77 M NaOH 23.3-26.2 51
Cellulose LiOH/urea 12.2 223
Cellulose 1% LiCl/DMI 18 224
Hyaluronan 0.1 M NH4NO3 16 9 214
Hyaluronan 0.15 M NaCl 17.4 225
+0 to 1 M NaOH
Hyaluronan 0.15 M NaCl 15 13.6 215
Galactomannans 0.1 M NaNO3 11 226
Galactomannans 0.1 M NaNO3 16-20 227
10.4 Conclusion
Within this study a complete conformational analysis using Rg, Rh, [η] and M data
was shown on two samples. For Chi BU Kuhn segment lengths lK of 24 nm, 19 nm
and 17.5 nm using the Benoit-Doty model and Rg-M data, the Odijk-Houwart model
and Rg-M data and the Bohdanecky´ model and [η]-M data were found, respectively.
Obtained results are comparable to literature values for chitosan as well as for cellulose
type polymers (Tab. 10.3). Power law behavior was found to be in accordance with the
expected behavior of semi-flexible linear chains. Deviations from this behavior were
observed for the second sample Chi D with comparable characteristics to branched
macromolecules like dextran. At low molecular weights similar power law behavior to
the first sample were found with a lK of 17.3 nm (Bohdanecky´ model and [η]-M data).
However, at high molecular weights the lK decreased to 9.8 nm. Although chitin and
chitosan are typically described as linear copolymers, we could show for the first time
103
104 10. PUBLICATION NO. 5 CONFORMATIONAL ANALYSIS
that not all chitosan preparations show a linear chitin structure. Thus, this effect could
be a reason for the high variety of stiffness parameters and Mark-Houwink constants
found for this class of polymer in literature.
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11.1 Introduction
Chitosan is an important biopolymer consisting of (1→4)-2-amino-2-deoxy-β-D-glucan
(GlcN) and ((1→4)-2-acetamido-2-deoxy-β-D-glucan (GlcNAc) units. The macromolec-
ular structure shows similarity to other biopolymers like cellulose and hyaluronic acid,
however, their functional groups differ significantly. The presence of positive charges
in chitosan and of negative charges in hyaluronic acid may have a different impact on
the conformation of the polymeric chain in solution in contrast to uncharged cellulose
chains. On the other hand the influence of these groups can be overestimated and the
main conformational effect may derive from the sugar backbone or simply the existence
of β-glycosidic linkages, which can be found in all three biopolymers. To investigate
this behavior we analyzed a high molecular weight (MW ) sample of chitosan in com-
parison to a high molecular weight sample of hyaluronic acid. Information about the
conformation in solution was determined by measuring the molecular weight and the
intrinsic viscosity ([η]) as well as the radius of gyration (Rg) and the molecular weight.
With this information conformational plots were made and compared to the theoreti-
cally calculated curves from the wormlike-chain model145,146. In another approach the
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molecular weight and viscosity data were plotted in a Bohdanecky´ plot147 and, as a
measure of stiffness, Kuhn segment lengths (lK) were obtained directly from the plot.
11.2 Materials and methods
Material Chi BU (MW = 956 kg/mol, FA = 0.19) was obtained from Heppe-Medical-
Chitosan HMC (Halle, Germany) and hyaluronic acid sodium salt (MW = 1,374kg/mol)
from Streptococcus equi sp. (protein <1%) were purchased from Fluka (Germany).
Sodium acetate, sodium sulfate, ethylene glycol, EDTA and acetic acid were obtained
from Fluka (Germany). All reagents used were of analytical grade.
Triple detection size-exclusion chromatography SEC3 Chitosan was character-
ized with a triple detection size exclusion chromatography system (SEC3, Viscotek,
USA) consisting of an online two channel degasser, a high pressure pump, an autosam-
pler (all parts integrated in the GPCmax, Viscotek, USA), a 0.5 μm stainless steel in-
line filter with a nylon membrane, two serially connected ViscoGEL columns (PWXL
mixed bed 6-13 μm methacrylate particles, 7.8×300 mm), a temperature controlled
triple detector array (TDAmax 305, Viscotek, USA) with a differential refractometer
at λ=660 nm (RID 3580), a right angle (90◦) light scattering detector (RALS) and
a low angle (7◦) light scattering detector (LALS 270-03) with a semiconductor laser
diode at λ=670 nm and a four capillary, differential Wheatstone bridge viscometer.
The SEC conditions were as follows: a degassed 0.3 M CH3COOH/0.3 M CH3COONa
buffer (pH=4.5) with 1 % ethylene glycol was used as eluent for chitosan and 0.05 M
Na2SO4/0.01 M EDTA for hyaluronan, the sample concentration was 0.3-1 mg/mL and
samples were dissolved for 24 h under shaking, injection volumina varied from 10 to
100 μL, flow rate was maintained at 0.7 mL/min, and the column and detector temper-
ature were kept at 30◦C. Before injection, the sample solutions were filtered through a
0.45 μm cellulose nitrate disposable membrane (Sartorius, Germany). To ensure a low
light scattering noise level the eluent was filtrated through a 16-40 μm glass filter. A
polyethyleneoxid standard (MW = 22,411 g/mol, [η] = 0.384 dL/g, MW /MN = 1.03)
was used to normalize the viscometer and the light scattering detectors. We used a
dn/dc (refractive index increment) of 0.163 and 0.155 for chitosan and hyaluronic acid,
respectively. Data acquisition and processing were carried out by use of OmniSEC 4.1
software (Viscotek Corporation).
11.2.1 Conformational analysis
The conformation transition between random coils and rigid rods may be explained
by the Benoit-Doty145 theory for the Kratky-Porod146 chain or the wormlike polymer
chains, which are the most typical models proposed for semiflexible polymers. Accord-
ing to the theory, Rg of unperturbed polymer chains is given by
R2g =
lKL
6
− l
2
K
4
+
l3K
4L
·
[
1− lK
2L
· (1− e−2L/lK )
]
(11.1)
where lK is the Kuhn segment length, which is used as a measure of chain stiffness of
the polymer and L is the contour length defined as L=lKNK where NK is the number
of Kuhn segments.
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To simplify the calculation procedures, we used the approximation of the wormlike
chain model introduced by Bohdanecky´147. According to the model, (M2/[η])1/3 is a
linear function of M1/2 (
M2
[η]
)1/3
= Aη + BηM1/2 (11.2)
Aη = A0MLΦ
−1/3
0,∞ (11.3)
Bη = B0Φ
−1/3
0,∞
(
2Lp
ML
)−1/2
(11.4)
Φ0,∞ is the limiting value of the Flory viscosity constant and equals 2.86·1023. A0 and
B0 are known functions of the reduced hydrodynamic diameter (dr), and B0 can in
practice be replaced by a mean value (1.05). Lp (Lp = 0.5 lK) is the persistence length,
and ML is the molar mass per unit of contour length. We used a ML of 422 nm and
410 nm for chitosan and hyaluronic acid, respectively.
11.3 Results and discussion
Figure 11.1: Structural difference
of NaHA and Chi - Chemical struc-
tures of chitosan consisting of the repeating
units β-(1→4)-D-glucosamine-β-(1→4)-D-N -
acetylglucosamine-β-(1→4)- which can vary with
the variation of the FA. However, in the repeating
unit of hyaluronic acid both monomers always
alternate β-(1→4)-D-glucuronic acid-β-(1→3)-
D-N -acetylglucosamine-β-(1→4). Appearence of
negative and positive charges depends on the pH
of the surrounding media.
Chemical structures of chitosan and
hyaluronic acid show differences in side
group functionality (positive vs. nega-
tive charge) and in the structure of the
sugar backbone (β(1→4) vs. β(1→3))
(see Fig.11.1). To elucidate the im-
pact of these structural effects on the
conformation in solution, radius of gy-
ration (Rg) and contour lenghts (LW )
data of each sample were recorded and
plotted in Fig.11.2. Then Rg was cal-
culated for different lK values accord-
ing to the wormlike-chain model and
the best agreement with the experi-
mental data was found for a lK of
24 nm. On the one hand, this value is
higher than literature values reported
by Christensen et al.80 and Berth et al.
83 who found 8-14 nm and 12-24 nm for
chitosan, respectively, and from Men-
dichi et al.215 and Ghosh et al.225 who
found values of 15 and 17.4 nm for
hyaluronic acid, respectively. On the
other hand, these values are identical
with the value found for cellulose tri-
carbanilate (24 nm)224. However, both
samples show a surprising conformity with almost identical behavior in their radii at
a specific contour length. Deviations or curvature can be seen in both samples at the
highest and lowest molecular weight region. Since these values were recorded through
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chromatography at the edges of a chromatographic peak, data were obtained on a
non-representative amount of sample concentration (a few percent) in this regime. To
exclude these deviations based on only light scattering data we further compared the
data set with the viscometric properties, which were recorded simultaneously during a
chromatographic run.
For this comparison we used the approximation of Bohdaneck where (M2/[η])1/3 is a
linear function of M1/2 (see Fig.11.3). Within this plot both samples showed almost
linear behavior over the whole molecular weight range. Data were divided into four and
three extracts to be able to fit the lines separately and to determine lK for a different
range of molecular weights. Results are displayed in Tab.1 and obtained lK values from
[η]-M data are smaller than the ones obtained from Rg-M data. The lK of chitosan
is 16.44 nm in the high molecular weight range (2837 kg/mol to 1433 kg/mol) and
increases slightly to 18.82 nm for the low molecular weight range (430 kg/mol to 226
kg/mol).
Figure 11.2: Rg-LW plot of hyaluronic acid and chitosan - Conformational plot using the
wormlike-chain model: Radius of gyration (Rg) and contour lenghts (LW ) are shown for a theoretically
calculated curve with Kuhn segment lengths (lK) of 24 nm (grey line). Experimental values are shown for
chitosan (Chi BU, dark blue open circles) and hyaluronic acid (NaHA, red open circles).
The hyaluronic acid sample shows very similar results with values starting from 18.40 nm
(5128 kg/mol to 1437 kg/mol) at high molecular weights and of 18.84 nm at lower molec-
ular weights (783 kg/mol to 482 kg/mol). Thus obtained values (16.44-18.82 nm) are
more comparable to literature values of chitosan (13.2-16.2 nm)80 also received from
[η]-M data. More interesting, differences between hyaluronic acid and chitosan using
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Rg-M data as well as [η]-M data are rather low (≈1 nm). This is remarkable because
we used eluents with different ionic strengths (I=0.3 and 0.05) and expected a larger
contribution of the electrostatic effect on chain stiffness and therefore a larger differ-
ence between samples. Changing the FA of chitosan is another strategy to change the
potential of charge carrying groups within an ionic strength solution. This was shown
by Christensen et al.80, who received a maximum of ΔlK=3 nm difference between
high and low acetylated samples in I=0.2. That means that the presence of charge
carrying groups can slightly change the stiffness of the chain, but not within an order
of magnitude.
Figure 11.3: Bohdanecky´ plot of hyaluronic acid and chitosan - Bohdanecky´ plot for chitosan
(Chi BU) and hyaluronic acid (NaHA). Both lines were cut into three and four extracts, respectively, to
improve the quality of the subsequential linear fit of the plot. Kuhn segment lengths (lK) were determined
for each extract separately (see Tab.11.1).
The fact that both samples are comparable in our experiment, we would like to focus
on the sugar backbone of these polymers. It is well known that β-glycosidic linkages
generate a relatively linear and stiff chain. Charged groups along this chain are quite
far away for an intramolecular repulsion interaction (0.51 nm in chitosan) so that in-
tramolecular repulsion will predominately happen between a loop of the coiled chain
or it will happen intermolecular between different chains. We observed that the main
characteristics for a stiff chain are derived from the β(1→4) and β(1→3) structure and
only minor contribution from electrostatic effects could be detected. However, to en-
sure this behavior the samples need to be measured subsequently in a serie of different
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ionic strength solutions.
Comparison of stiffness parameter from literature is a delicate thing and therefore the
focus of this work is based on the good intra-analysis comparison rather than the
inter-analysis with the literature. We have to admit that differences between stiffness
parameter in this work and the literature can hardly be explained if different light
scattering devices (MALS, LALS, batch-MALS), use of different dn/dc values, different
column materials, different solvents and a different source of sample material are used,
since these changes can have a major impact on Rg and M determination. However,
after incorporation of viscosity data differences with the literature are acceptable, which
may be exemplary since determination of viscosity has some advantages in comparison
to Rg values.
Table 11.1: Parameters of plot extracts of chitosan sample BU and hyaluronic acid. B - slope
of the Bohdanecky´ plot (see Fig.11.3), ML - molar mass per contour length, lK - Kuhn segment
length, Lp - persistence length, R
2 - correlation coefficent from the linear fits in Fig.11.3
Sample Bη Lp lK ML highest M lowest M R
2
[nm] [nm] [g/mol·nm] [kg/mol] [kg/mol]
Chi BUext1 0.808 16.44 8.22 422.49 2837 1433 0.9995
Chi BUext2 0.810 16.35 8.18 422.49 1433 780 0.9999
Chi BUext3 0.768 18.19 9.10 422.49 780 432 0.9995
Chi BUext4 0.755 18.82 9.41 422.49 430 226 0.9996
NaHAext1 0.752 18.40 9.20 410.00 5128 1437 0.9948
NaHAext2 0.768 17.64 8.82 410.00 1434 786 0.9997
NaHAext3 0.744 18.84 9.42 410.00 783 432 0.9897
The analysis based on combination of two methods ([η]-M) seems to be better than the
one based on only one method (Rg-M) if a comparison with literature data is desirable.
To conclude, slight differences in conformation of the polymeric chains in solution were
observed for chitosan on the one side and those of hyaluronic acid on the other. They
may appear due to slight differences in backbones rather than due to differences in the
charge screening of ionic solutions.
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12.1 Communication
Together with cellulose, chitin belongs to the most abundant biopolymers on earth
and can be found in organisms like insects5, crustaceans4 and fungi3. Chitin consists
of mainly N -acetylglucosamine (GluNAc) and is insoluble in most organic solvents
and water. Its derivative chitosan, obtained through alkaline deacetylation, consists of
mainly glucosamine (GluN) units and is able to dissolve in acidic media (acetic acid)
via protonation of the free amino groups105. Chitosan possesses outstanding prop-
erties like biodegradability and non-toxicity in combination to antibacterial activity,
mucoadhesive ability and good wound healing effects. Therefore it is deemed as a very
attractive biomaterial substance for diverse applications in pharmaceutical and med-
ical fields34,228. However, chitosan is insoluble in organic solvents and its complete
derivatization (e.g. methylation) and chemical-customizing, which requires soluble and
accessible polymer chains, are challenging. It is known that cellulose as well as chitin
show good dissolution properties in dimethylacetamide (DMAc) containing 5% LiCl
52,55 and also in molten salts229. In contrast to chitin, the dissolution mechanism of
cellulose in concentrated salt solutions has been intensively studied. Nonderivatizing
solvents effect dissolution by breaking the intramolecular hydrogen-bonding network.
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It was suggested that non-hydrated anions play the major role in the dissolution process
in molten salts and DMAc/5%LiCl44. The chloride anion is mobilized through com-
plexation of lithium by DMAc and can then interact with the hydroxyl groups of the
polymer. Presumably anions are the most responsible components in new solvents lead-
ing to dissolution of H-bonded stabilized biopolymers230,231. Therefore solvents with
a high amount of free anions are considered to have a possible potential to dissolve
certain biopolymers. The substance class ionic liquids are a special type of molten salts
with melting points below 100◦C or even at room temperature. Thus, ILs are promising
candidates for the development of new solvents for biopolymers due to their combined
water and organic solvent dissolution ability. However, IL is just a general name for
a pool of up to 1012 different chemical entities with changing headgroups, side-chains
and counteranions. Its dissolution ability is related to these three parameters so that
headgroup, side-chain and anion must be changed systematically in the survey for new
solvents. Recently, Swatloski and coworkers47 managed to dissolve cellulose in several
imidazolium based ILs. They showed that butyl up to octyl side-chains in combination
with Cl−, Br− and SCN− anions showed solubility while ILs with BF−4 and PF
−
6 anions
showed no solubility. In this paper, we studied the dissolution of chitin and chitosan
in ionic liquids using the established test-kit concept158,232. Varying first chain length
and head group of ionic liquid cations, we intend to show the influence of these mod-
ifications on solvent properties (Fig.12.1). Secondly, we varied the anions of the ionic
liquids systematically with the same intention.
Figure 12.1: Structures of ionic liquids
- Headgroups and anions of ionic liquids used for
dissolution experiments.
In a typical procedure to prepare
2 w% solutions 1 mL of an ionic liq-
uid was filled into a 2 mL glass vial
and 20 mg of chitosan or chitin was
added. The vial was capped and
transferred to an oven. Dissolution
was monitored after keeping the mix-
ture at 80◦C for 24 hours. Alterna-
tively, the solutions were heated us-
ing microwave radiation. Samples were
treated for 1-4 min by 400 W be-
fore cooking was observable. To re-
cover the dissolved material the solu-
tion was mixed with ethanol or ace-
tone. Dissolved chitin/chitosan became
insoluble in presence of organic sol-
vents and precipitated while the IL dis-
solved completely in the solvent. IL im-
purities were easily removed by wash-
ing several times with the organic sol-
vent.
Dissolution of chitosan was possible in imidazolium based ILs but also in four pyri-
dinium and one pyrolidinium IL. Chitin, in contrast, dissolved only in imidazolium-
based ILs (Tab.12.1). The side chain of the IM cation was changed from ethyl over
propenyl to nonyl. This elongation of the side chain did not decrease the dissolu-
tion ability of chitosan. For the 1-Ethyl-3-methyl-1H-imidazolium cation nine different
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anions showed good solubility for chitosan and six for chitin. Using the pyridinium
headgroup dissolution could only be observed with chloride anions in combination with
side chains having hydroxyl, alkoxy or alkyl functions. For the pyrolidinium cations
only the 1-(2-Ethoxyethyl)-1-methylpyrrolidinium with bromide as counterion was able
to dissolve chitosan. Best results for chitin and chitosan were found for the IM cation
in combination with the acetate anion. Recycled chitosan after dissolution showed no
decrease in molecular weight indicating that the good dissolution property of this IL
can not be deduced from accompanying degradation of the polymer chain.
Table 12.1: Dissolution behavior of chitin and chitosan in presence of different ionic
liquids upon oven and microwave heating. For ionic liquids giving negative dissolution
behavior the reader is referred to the electronic supplement. n.s.= not soluble
Headgroup side chain and anion chitosan(w%) chitin(w%)
80◦C oven 80◦C
oven
microwave
R=ethyl, A=Cl 5 n.s. n.s.
R=ethyl, A=HSO4 2 0.3 n.s.
R=ethyl, A=2OSO3 n.s. 0.2 n.s.
R=ethyl, A=BF4 2 0.45 n.s.
R=ethyl, A=PF6 2 n.s. n.s.
R=ethyl, A=SCN 2 0.1 n.s.
R=ethyl, A=2OO 2 0.6 10
R=ethyl, A=CF3COO 1-2 0.2 n.s.
R=ethyl, A=1O2O2OSO3 2 n.s. n.s.
R=ethyl, A=4MePhSO3 2 n.s. n.s.
R=ethenyl, A=Cl 2 n.s. n.s.
R=butyl, A=Cl 2 n.s. n.s.
R=butyl, A=SCN 2 n.s. n.s.
R=hexyl, A=Cl 2 n.s. n.s.
R=hexyl, A=(2-SO2PhCO)N 1-2 n.s. n.s.
R=octyl, A=Cl 2 n.s. n.s.
R=nonyl, A=Cl 2 n.s. n.s.
R=decyl, A=Cl 2 n.s. n.s.
R=CH2CH2CH2OH, A=Cl 2 n.s. n.s.
R=CH2CH2CH2OCH3, A=Cl 2 n.s. n.s.
R=hexyl, A=Cl 1-2 n.s. n.s.
R=octyl, A=Cl 1-2 n.s. n.s.
R=CH2CH2O CH2CH3, A=Br 2 n.s. n.s.
Changing the type of anion showed the strongest impact on dissolution behavior be-
cause Cl, HSO4, BF4, SCN, acetate and trifluoracetate anions showed better solubility
than PF6, 2OSO3, 1O2O2OSO3, 4MePhSO3 and (2-SO2PhCO)N (Tab.12.1). The
possibility to dissolve these biopolymers could not be deduced exclusively from the
presence of specific anions. Anions, which showed dissolution in the first case, did not
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show dissolving properties in combination with other headgroups and side chains (e.g.
1-Butyl-3-methyl-1H-imidazolium thiocyanate, 1-Ethyl-3-butyl-1H-imidazolium triflu-
oracetate). Furthermore, chloride anions are discussed to enhance the solubility of
selected ILs in cellulose and showed also some enhancing effects for chitosan even for
long alkyl sidechains but no Cl containing IL was found for the dissolution of chitin.
Therefore we suggest that a different dissolution mechanism is present for chitin. Bulky
acetyl groups are more likely a barrier for a headgroup with a long alkylchain in compar-
ison to only tiny hydroxyl (cellulose) as well as hydroxyl and amino groups (chitosan).
If the headgroup is the determining characteristic, these headgroups can not enter the
network and solvate the biopolymeric chain, the first step towards total dissolution.
The dissolution is therefore mainly limited by steric reasons. In case of 1-Ethyl-3-
methyl-1H-imidazolium chloride we see an additional effect. Although the sidechain is
short no solubility was observed. The vital role of the compact Cl in cellulose and chi-
tosan dissolution ends here while some non-compact anions with delocalized structure
showed the demanded solubility behavior. To make a conjecture about the reason we
just mention the strong delocalization of the peptide bond between the amino group
and the carbonyl group of the acetamido groups. This delocalization in the biopolymer
may favor the attraction of delocalized anions in contrast to anions with point charges
in combination to an IM headgroup with short sidechains. Thus, dissolution properties
of ionic liquids are even more complex and familiarity with dissolution properties of the
β(1→4) biopolymer cellulose can not be used to predict the solubility of the β(1→4)
biopolymer chitin. We emphasize that the selection of the headgroups and sidechains
is as important as the selection of anions on the survey for alternative solvents of chitin
and chitosan.
Acknowledgements Support from Merck KGaA in the context of our strategic part-
nership is gratefully acknowledged. We also acknowledge Stephanie Steudte for assis-
tance in dissolution experiments.
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Conclusion and outlook
In this study, preparations of the biopolymer chitosan were investigated by application
of several polymer sensitive techniques (triple detection SEC, 13C-NMR, 1H-NMR).
For this purpose, stable and complete dissolutions of chitosan were prepared in 0.3 M
NaAc/HAc. For the evaluation of the measurements, it was necessary to compare the
experimentally recorded stiffness parameters (lK , Lp, M-H a) to theoretical approaches
(Benoit-Doty model, Odijk-Houwart model). The following bullet list summarizes the
observed results itemized for every publication:
Paper 1: T-SAR guided conformational analysis of chitosan
• Conformational behavior of chitosan is extracted from the fundamental interac-
tion potentials of the functional groups of the molecule. In solution, the extended
2/1-helical conformation changes to a relaxed 2/1-helical conformation. This
conformational change is mainly caused by the protonation of the amino group.
• Protic solvents, which are prerequisites for dissolution, lead therefore directly to
the relaxed 2/1-helical conformation. The repulsions of the protonated amino
groups are shielded by anion spheres in high ionic strength solutions. Thus, the
overall coiling of the macromolecule is determined by β-1→4 glycosidic linkages,
which lead to an increase of bending of the chain by an increase of the molecular
weight. This continuous change of the chain stiffness can be seen as a curvature
in the M-H plot.
In chapter 1.2, we identified the complex mixture of commercial chitosan preparations.
Commercial chitosan includes several molecular weights, several FA values, several pat-
terns of acetylation, salt residues, protein residues and CaCO3 residues. In order to
characterize chitosan and to check the sample purity for biological tests, it was neces-
sary to start a multidimensional analysis.
Paper 2: Strategy to improve the characterization of chitosan for sustainable
biomedical applications: SAR guided multidimensional analysis
• Solubility of chitosan in water (pH 7) is enhanced by the presence of chloride
as a counterion of the positively charged amino groups and not by presence of a
115
116 13. CONCLUSION AND OUTLOOK
random pattern of acetyl groups. A random pattern alone does not lead to water
solubility.
• Sample purity differed among samples obtained by different manufacturers. Pro-
tein residues as well as some heavy metal contents of some samples are too high
for use in pharmaceuticals. Purity control of commercial samples is still, after
decades of research, still a challenge.
• Chitosan showed strong effects on E. coli and V. fischeri, two gram-negative bac-
teria. The cell wall of E. coli showed strong disintegration effects after treatment
with chitosan similar to the effects of penicillin. Destruction of the cell wall has
led subsequently to cell death already after a 2 h treatment.
Two structural characteristics of chitosan were identified as very interesting after ap-
plication of the multidimensional analysis: pattern of acetylation PA and the confor-
mational behavior of chitosan. Investigations of these two points were focussed in the
following publications.
Figure 13.1: Structure of chitin fibers - Schematic illustration of the hierarchical architecture of
chitin. The suggested reaction mechanism yields different NaOH concentrations in the chitin depending
on penetration depth of the alkali through the particle.
Paper 3: Studies on acetylation patterns of different chitosan preparations
• The hypothesis for existence of different patterns was deduced from the proposed
reaction mechanism of solid chitin particles dispersed in liquid alkali, as shown
in Figure 13.1. In this mechanism, the main de-N -acetylation reaction takes
place at the boundary layer of the solid particle while NaOH concentration de-
creases within the solid particle due to the limited penetration depth in the amor-
phous/crystalline structure. No NaOH is supposed to enter the not-shrinking cell
in the center of the particle. If this mechanism is valid, the de-N -acetylation would
lead to an almost de-N -acetylated product in the boundary layer, to block-wise
products near the reaction front, and to residual non-reacted chitin in the center,
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respectively. Use of different particle sizes during a heterogeneous reaction and of
homogenously re-N -acetylated prepared chitosan would therefore yield different
patterns according to this mechanism.
• Patterns of acetylation PA of 32 different samples were determined using a 13C-
NMR method and showed a trend revealing a slight deviation from a random
pattern of acetylation PA (PA = 1.11 - 0.58 · e(
−FA
0.13
)). The behavior was iden-
tical by use of re-N -acetylated (homogeneously prepared), de-N -acetylated (het-
erogeneously prepared, typical method), and de-N -acetylated (heterogeneously
prepared, with varying particle size) chitosan preparations. Thus, it could be
shown that the chemical reaction conditions used for commercial samples were
not suitable for establishment of block-wise and alternating patterns as has often
been discussed in the past189,194. A random pattern is therefore not the result of
a specific homogeneous process, but it is the general appearance of commercial
chitosan independent of the process used. It could be proven that the suggested
reaction mechanism does not apply to de-N -acetylation of chitin and that the
NaOH concentration must not show a gradient to be able to form only random
pattern chitosan.
Paper 4: Determination of the pattern of acetylation of chitosan samples:
Comparison of evaluation methods and some validation parameters
• Spectra resolution of 13C-NMR is not as good as for 1H-NMR. Uncertainty of
area fits also rises when the signal/noise ratio increases in 13C-NMR used for the
determination of the PA values. To be able to compare the PA values determined
by 13C-NMR, the expected standard deviations of samples with FA values of
0.02, 0.06, 0.10, 0.14, 0.18, 0.22, 0.44, 0.48 and PA values of 0.40, 0.78, 0.87,
0.96, 0.92, 0.98, 1.11, 1.11 were recorded, respectively. The standard deviation
RSD% decreased in the order 12.8, 7.7, 3.0, 2.5, 2.9, 2.0, 1.9, 0.8, starting from
the almost de-N -acetylated sample (FA 0.02) and showed the lowest deviation for
the highest FA value (FA 0.48).
• It was shown that the suggested method for determining the pattern of acetylation
PA is sensitive and precise. The reproducibility of the calculated PA values was
confirmed through inter-day and intra-day precision tests with three analysts
leading to acceptable RSD% values.
Paper 5: On conformational and branching analysis of chitosan
• Chitosan is known to approach linear chain behavior in Rg-M data compared to
theoretical models (Benoit-Doty, Odijk-Houwart). Analysis of a high molecular
weight sample (Chi BU, 956 kg/mol) showed accordance in the slope νg (0.59) to
expected values for linear chains (νg 0.588220). Comparison to theoretical models
(Benoit-Doty (lK = 24 nm)/Odijk-Houwart (lK = 19 nm)) showed expected val-
ues for semiflexible polymer chains also found for other β(1→4) polysaccharides.
• A different sample (Chi D) showed strong deviations in Rg-M data as well as [η]-
M data after comparison to theoretical models (Benoit-Doty, Bohdanecky´). The
slope of the Rg-M plot νg (0.46), the lK of the Bohdanecky´ plot (9.8-17.3 nm)
as well as the intersectional behavior of Rg/Rh-M data showed similarities to
dextran, a branched polysaccharide.
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• For the first time, it could be shown that the power law behavior of chitosan
revealed properties of a branched chain. To illustrate the similarities in Rg-
M and [η]-M data, we selected data of branched dextran and linear/branched
polystyrene, respectively (Fig.13.2).
Figure 13.2: Literature conformational plots about branching - (a) M-H plot of dextran frac-
tions adopted from134 (Empty circle data taken from233, filled circle data taken from234). (b) Rg-M plot
of linear and branched polystyrene adopted from73. (c) M-H plot of chitosan from Fig.10.2. (d) Lw-M
plot of chitosan from Fig.10.2
Paper 6: Comparison between the conformational behavior of chitosan and
hyaluronic acid
• Hyaluronic acid and chitosan are often discussed as comparable semi-stiff biopoly-
mers. However, their chemical structures show differences in side group function-
ality (positive vs. negative charge) and in the structure of the sugar backbone
(β(1→4) vs. β(1→3)). In contrast to these structural differences, we observed
quite similar stiffness values for two high molecular weight samples of chitosan
and hyaluronic acid. The chitosan sample (molar masses ranging from 2837 to
226 kg/mol) showed lK values between 8.22 and 9.41 nm while the hyaluronic acid
sample (molar masses ranging from 5128 to 432 kg/mol) had lK values between
9.20 and 9.42 nm.
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• Stiffness of these biopolymers show, therefore, only a minor contribution from
charge bearing groups through changes of the FA and changes of solvent’s ionic
strength. Backbone rigidity provided by β(1→4)/β(1→3) bonds was identified
as the main reason for this similarity.
Paper 7: Dissolution of chitin/chitosan with ionic liquids
• Dissolution behavior of the biopolymers chitin and chitosan was investigated using
a pool of 58 different ionic liquids (IL). Solubility of chitosan was observed upon
heating (oven, microwave) in 18 ILs with an imidazolium headgroup, four with a
pyridinium headgroup and one with a pyrolidinium headgroup. Chitin dissolved
only in six imidazolium ILs with varying counter anions.
• It was emphasized that the selection of the headgroups and sidechains is as impor-
tant as the selection of anions on the survey for alternative solvents of chitin and
chitosan. Chitin showed completely different behavior in dissolution assays than
its relative cellulose which may based on three different dissolution mechanism
each for chitosan, chitin and cellulose, respectively.
The following experiments are considered to be interesting for further and additional
characterization of chitosan:
1. Branching behavior of chitosan was observed by light scattering and viscosity
experiments. To get a chemical evidence that this branching exists, we propose
a branching analysis via GC/MS. If branching points exist it will only be found
in traces and needs therefore equipment with which trace analysis is possible.
However, to get it in the form suitable for analysis challenging derivatization
reactions need to be performed.
2. A further interesting point is whether branching of chitosan is an immanent prop-
erty (depending on the source of chitin) or induced through side reactions dur-
ing de-N -acetylation. This research needs an established method to check the
branching properties of the sample and requires several chitin samples (shrimps,
prawns, snow crab, squid) for which different de-N -acetylation procedures can be
performed.
3. Chitosan shows a strong effect on bacteria, especially on gram positive but also
gram negative. However, its mode-of-action is completely unknown. Since we saw
a similar effect (lysis of the bacteria membrane) as it is known for the penicillin
pathway, we suggest a similar mode-of-action of chitosan. A vulnerable point in
the biosynthesis pathway of murein is the chain growth in the periplasm. Due
to its structural similarity to murein, chitosan may inhibit the function of the
enzyme incorporated in chain growth, the transglycosylase. This would affect the
entire growth of the peptidoglycan sacculus leading to cell instability and finally
to lysis.
4. The dissolution tests could be improved in further studies. IL headgroups other
than imidazolium could be investigated but with the same anion, which showed
good chitin solubility. Tests could not be done before because these ILs were not
commercially available; they may be available in the future.
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